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Preface 



The traditional purpose of the Adriatic Meeting is to present most advanced 
scientific research conducted by the lecturers who take part in the development 
of their fields and, in addition, to provide a school-like atmosphere for young 
scientists. 

Dubrovnik, as a geographical centre of this region of Europe, provided a most 
adequate location for this conference. Having very agreeable surroundings, the 
conference site nevertheless gave a focus for very strong scientific interaction. 

The subjects chosen for the 8th meeting, in September 2001, were gauge 
theories, particle phenomenology, string theories and cosmology. 

We were able to bring together a very good cross section of outstanding 
scientists who gave extraorinarily good presentations. Certainely one reason for 
this success is that most of us feel obliged to help the scientific life in South East 
Europe return to its former level. However, there are very exciting new scientific 
developments as well. 

Part of the meeting was dominated by neutrino physics which has just seen 
exciting progress by establishing neutrino masses experimentally. This was dis- 
cussed within neutrino masses and grand unified theories (GUTs). General as- 
pects of neutrino physics and GP violation, neutrino mixing and the bayron 
asymmetry were presented along the same lines. 

On the theoretical side the idea of the construction of gauge theories on 
non-commutative spaces and their phenomenological implications is accepted 
worldwide within the particle physics community. 

Both status of GP violation and heavy meason decay were discussed at a 
moment when the recent experimental results became available. A remarkable 
achievement of heavy quark physics in general and GP violation within the 
framework of heavy quark effective field theory (HQEFT) was made on the 
basis of nonperturbative QGD. 

For an outlook on Large Hadron Gollider (LHG) and the physics to be done 
there, the meeting took place at just the right time. We are especially proud that 
at this 8th Adriatic Meeting there were a number of representatives from huge 
experimental collaborations ranging from ATLAS and GMS at GERN to GLEO 
at Gomel. It is a pleasure to note here the excellent contact that was established 
with particle physicists from South America, in particular from Brazil. 

Gosmology with its new estimate of dark matter was another subject of huge 
interest. 




VI 



Finally, there was a number of extremely interesting presentations concerning 
the theoretical and experimental problems in: SUSY, magnetic monopoles in 
QCD, the perturbative QCD approach, hot matter in QCD and physics beyond 
the standard model at new accelerators. 

All of this gave an impressive overview of the present activities and the 
progress in those areas of physics represented at the meeting. At the same time 
it created an active atmosphere which drew many of the young scientists into 
these fields. 

We would like to thank young members of Theory Division, Rudjer Boskovic 
Institute for help during the Conference: G. Duplancic, H. Nikolic and H. Stefancic 
For a substantial help during the organization of the Conference we would espe- 
cially like to thank K. Passek-Kumericki. We would like to thank L. Jonke for 
great help in preparing these Lectures Notes. 



Muenchen, Josip Trampetic 

March 2002 Julius Wess 
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Models of Neutrino Masses and Mixing 



Guido Altarelli 

Theory Division, CERN, CH-1211 Geneva 23, Switzerland 



Abstract. We briefly review models of neutrino masses and mixings. In view of the 
existing experimental ambiguities many possibilities are still open. After an overview 
of the main alternative options we focus on the most constrained class of models based 
on three widely split light neutrinos within SUSY Grand Unification 



1 Introduction 

At present there are many alternative models of neutrino masses. This variety 
is in part due to the considerable existing experimental ambiguities. The most 
crucial questions to be clarified by experiment are whether the LSND signal 
will be confirmed or will be excluded and which solar neutrino solution will 
eventually be established. If LSND is right we need four light neutrinos, if not we 
can do with only the three known ones. Other differences are due to less direct 
physical questions like the possible cosmological relevance of neutrinos as hot 
dark matter. If neutrinos are an important fraction of the cosmological density, 
say 0.1, then the average neutrino mass must be considerably heavier than 
the splittings that are indicated by the observed atmospheric and solar oscillation 
frequencies. For example, for three light neutrinos, only models with almost 
degenerate neutrinos, with common mass jm^j « 1 eV , are compatible with a 
large hot dark matter component. On the contrary hierarchical three neutrino 
models have the largest neutrino mass fixed by m ~ ~ 0.05 eV. In 

most models the smallness of neutrino masses is related to the fact that i/'s are 
completely neutral (i.e. they carry no charge which is exactly conserved), they 
are Majorana particles and their masses are inversely proportional to the large 
scale where the lepton number L conservation is violated. Majorana masses can 
arise from the see-saw mechanism, in which case there is some relation with 
the Dirac masses, or from higher dimension non renormalisable operators which 
come from a different sector of the lagrangian density than other fermion mass 
terms. 

In my lecture first I will briefly summarise the main categories of neutrino 
mass models and give my personal views on them. Then, I will argue in favour 
of the most constrained set of models, where there are only three widely split 
neutrinos, with masses dominated by the see-saw mechanism and inversely pro- 
portional to a large mass close to the Grand Unification scale Mgut- In this 
framework neutrino masses are a probe into the physics of GUT’s and one can 
aim at a comprehensive discussion of all fermion masses. This is for example pos- 
sible in models based on SU (5) 0 [/(I ) flavour or on AO) 10) (we always consider 
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SUSY gut’s). This will also lead us to consider the status of GUT models in 
view of the experimental bounds on p decay, which are now very severe also for 
SUSY models, and of well known naturality problems, like the doublet-triplet 
splitting problem. So we will discuss “realistic” as opposed to minimal models, 
including a description of the pattern of all fermion masses. We will also men- 
tion some recent ideas on a radically different concept of SUSY SU{5) where 
the symmetry is valid in 5 dimensions but is broken by compactification and 
not by some Higgs system in the 24 or larger representation. In this version of 
SU (5) the doublet-triplet splitting problem is solved elegantly and p decay can 
naturally be suppressed or even forbidden by the compactification mechanism. 

This review is in part based on work that I have done over the recent months 
with Ferruccio Feruglio and Isabella Masina [1], [2], [3], [4], [5], [6], [7]. 



2 Neutrino Masses and Lepton Number Violation 



Neutrino oscillations imply neutrino masses which in turn demand either the 
existence of right-handed neutrinos (Dirac masses) or lepton number L violation 
(Majorana masses) or both. Given that neutrino masses are certainly extremely 
small, it is really difficult from the theory point of view to avoid the conclusion 
that L must be violated. In fact, it is only in terms of lepton number violation 
that the smallness of neutrino masses can be explained as inversely proportional 
to the very large scale where L is violated, of order Mqut or even Mpianck- 
Once we accept L violation we gain an elegant explanation for the smallness 
of neutrino masses which turn out to be inversely proportional to the large scale 
where lepton number is violated. If L is not conserved, even in the absence of 
i/R, Majorana masses can be generated for neutrinos by dimension five operators 
of the form 



O5 



M 



( 1 ) 



with H being the ordinary Higgs doublet, A a matrix in flavour space and M a 
large scale of mass, of order Mgut or Mpianck- Neutrino masses generated by 
O5 are of the order jM for « 0(1), where v 0(100 GeV) is the 

vacuum expectation value of the ordinary Higgs. 

We consider that the existence of vr is quite plausible because all GUT 
groups larger than SU(5) require them. In particular the fact that vr completes 
the representation 16 of SO(IO): 16=5+10+1, so that all fermions of each family 
are contained in a single representation of the unifying group, is too impressive 
not to be significant. At least as a classification group SO(IO) must be of some 
relevance. Thus in the following we assume that there are both vr and lepton 
number violation. With these assumptions the see-saw mechanism [8] is possible 
which leads to: 

rriy = rir^M^^mp) ( 2 ) 



That is, the light neutrino masses are quadratic in the Dirac masses and inversely 
proportional to the large Majorana mass. Note that for 
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0.05 eV and ~ m'p/M with wp ~ n ~ 200 GeV^ we find M ~ 10^® GeV 
which indeed is an impressive indication for Mqut- 

If additional non renormalisable terms from O 5 are comparatively non negli- 
gible, they should simply be added. After elimination of the heavy right-handed 
fields, at the level of the effective low energy theory, the two types of terms are 
equivalent. In particular they have identical transformation properties under a 
chiral change of basis in flavour space. The difference is, however, that in the see- 
saw mechanism, the Dirac matrix m jo is presumably related to ordinary fermion 
masses because they are both generated by the Higgs mechanism and both must 
obey GUT-induced constraints. Thus if we assume the see-saw mechanism more 
constraints are implied. In particular we are led to the natural h}rpothesis that 
m£) has a largely dominant third family eigenvalue in analogy to m^, m;, and 
mr which are by far the largest masses among u quarks, d quarks and charged 
leptons. Once we accept that nin is hierarchical it is very difficult to imagine 
that the effective light neutrino matrix, generated by the see-saw mechanism, 
could have eigenvalues very close in absolute value. 

3 Four Neutrino Models 

The LSND signal has not been confirmed by KARMEN. It will be soon double- 
checked by MiniBoone. Perhaps it will fade away. But if an oscillation with 
Am? 1 el/2 is confirmed then, in presence of three distinct frequencies for 
LSND, atmospheric and solar neutrino oscillations, at least four light neutrinos 
are needed. Since LEP has limited to three the number of “active” neutrinos 
(that is with weak interactions, or equivalently with non vanishing weak isospin, 
the only possible gauge charge of neutrinos) the additional light neutrino(s) must 
be “sterile” , i.e. with vanishing weak isospin. Note that i/r that appears in the 
see-saw mechanism, if it exists, is a sterile neutrino, but a heavy one. 

A typical pattern of masses that works for 4-1/ models consists of two pairs of 
neutrinos [9], the separation between the two pairs, of order 1 eV, corresponding 
to the LSND frequency. The upper doublet would be almost degerate at |m| of 
order 1 eV being only split by (the mass difference corresponding to) the atmo- 
spheric 1 / frequency, while the lower doublet is split by the solar 1 / frequency. This 
mass configuration can be compatible with an important fraction of hot dark 
matter in the universe. A complication is that the data appear to be incompat- 
ible with pure 2-i/ oscillations for z/e — Vg oscillations for solar neutrinos and for 
— Vs oscillations for atmospheric neutrinos (with Vg being a sterile neutrino). 
There are however viable alternatives. One possibility is obtained by using the 
large freedom allowed by the presence of 6 mixing angles in the most general 
4-v mixing matrix. If 4 angles are significantly different from zero, one can go 
beyond pure 2-v oscillations and, for example, for solar neutrino oscillations z/e 
can transform into a mixture of z/^ + z/^ , where Va is an active neutrino, itself a 
superposition of and [9] • A different alternative is to have many interfering 
sterile neutrinos: this is the case in the interesting class of models with extra 
dimensions, where a whole tower of Kaluza-Klein neutrinos is introduced. This 
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picture of sterile neutrinos from extra dimensions is exciting and we now discuss 
it in some detail. 

The context is theories with large extra dimensions. Gravity propagates in 
all dimensions (bulk), while SM particles live on a 4-dim brane. As well known 
[10], this can make the fundamental scale of gravity nis much smaller than 
the Planck mass Mp. In fact, for d = n, + 4, if i? is the compactification 
radius we have a geometrical volume factor that suppresses gravity so that: 
(msi?)" = {Mp/nis)'^ and, as a result, nis can be as small as 1 TeV. For 
neutrino phenomenology we need a really large extra dimension with 1/R 
0.01 eV plus n — 1 smaller ones with \j p ^ 1 TeV . Then we define ms by 
nisR = (Mp/ms)^, or ms = ms{msp)'^^^ . In string theories of gravity 

there are always scalar fields associated with gravity and their SUSY fermionic 
partners (dilatini, modulini). These are particles that propagate in the bulk, 
have no gauge interactions and can well play the role of sterile neutrinos. The 
models based on this framework [11] have some good features that make them 
very appealing at first sight. They provide a “physical” picture for i/g- There is 
a KK tower of recurrences of Vg- 

Vg{x,y) = (3) 

^ n. 



with mi,^ = n/R. The tower mixes with the ordinary light active neutrinos in 
the lepton doublet L: 






( 4 ) 



where H is the Higgs doublet field. Note that the geometrical factor mg/Mp, 
which automatically suppresses the Yukawa coupling h, arises naturally from 
the fact that the sterile neutrino tower lives in the bulk. Note in passing that Vg 
mixings must be small due to existing limits from weak processes, supernovae 
and nucleosynthesis, so that the preferred solution for A-v models is MSW- (small 
angle). The interference among a few KK states makes the spectrum compatible 
with solar data: 



Piiy. ^ Y) 



E 



9 

+ f 



(5) 



provided that 1/R 10^^ — 10^^ eV or if 10^^ — 10^^ cm, that is a really 

large extra dimension barely compatible with existing limits [12]. 

In spite of its good properties there are problems with this picture, in my 
opinion. The first property that I do not like of models with large extra di- 
mensions is that the connection with GUT’s is lost. In particular the elegant 
explanation of the smallness of neutrino masses in terms of the large scale where 
the L conservation is violated in general evaporates. Since nig ^ 1 TeV is rela- 
tively small, what forbids on the brane an operator of the form —LjXijLjHH 
which would lead to by far too large n masses? One must assume L conservation 
on the brane and that it is only broken by some Majorana masses of sterile 
i/’s in the bulk, which I find somewhat ad hoc. Another problem is that we 
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would expect gravity to know nothing about flavour, but here we would need 
right-handed partners for Ve, I'n and Vr- Also a single large extra dimension has 
problems, because it implies [13] a linear evolution of the gauge couplings with 
energy from 0.01 eV to 1 TeV . But more large extra dimensions lead to 



A) 



E 



9 



dnn'^ 






( 6 ) 



For d > 2 the KK recurrences do not decouple fast enough (the divergence of 
the integral is only cut off at nig) and the mixing becomes very large. Perhaps 
a compromise at d = 2 is possible. 

In conclusion the models with large extra dimension are interesting because 
they are speculative and fascinating but the more conventional framework still 
appears more plausible at closer inspection. 



4 Three Neutrino Models 

We now assume that the LSND signal will not be confirmed, that there are 
only two distinct neutrino oscillation frequencies, the atmospheric and the solar 
frequencies, which can be reproduced with the known three light neutrino species 
(for reviews of three neutrino models see [4], [14] where a rather complete set of 
references can be found). The two frequencies, are parametrised in terms of the 
n mass eigenvalues by 

^sun ^ ^2 ‘^atm ^ ^3 ^ 1,2 

The numbering 1,2,3 corresponds to our definition of the frequencies and in 
principle may not coincide with the family index although this will be the case 
in the models that we favour. Given the observed frequencies and our notation 
in (7), there are three possible patterns of mass eigenvalues: 

Degenerate : jmij |m 2 j jmsj 

Inverted hierarchy : jmij jm 2 ] ^ jmsj 
Hierarchical : |m 3 j ^ |w 2 q| (8) 

We now discuss pro’s and con’s of the different cases and argue in favour of the 
hierarchical option. 

4.1 Degenerate Neutrinos 

At first sight the degenerate case is the most appealing: the observation of nearly 
maximal atmospheric neutrino mixing and the possibility that also the solar 
mixing is large (at present the MSW- (large angle) solution of the solar neutrino 
oscillations appears favoured by the data) suggests that all n masses are nearly 
degenerate. Moreover, the common value of [mj^j could be compatible with a large 
fraction of hot dark matter in the universe for [mj^j '^1—2 eV. In this case. 
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however, the existing limits on the absence of neutrino-less double beta decay 
{0v(3(3) imply [15] double maximal mixing (bimixing) for solar and atmospheric 
neutrinos. In fact the quantity which is bound by experiments is the 11 entry of 
the V mass matrix, which is given by [4]: 

mge = micos^9i2 + ni2sin^9i2 0.3 — 0.5 el^ (9) 

To satisfy this constraint one needs mi = —m 2 (recall that the sign of fermion 
masses can be changed by a phase redefinition) and cos^9y2 ^ svri^ 9 12 to a good 
accuracy (in fact we need svn?29i2 > 0.96 in order that |cos 2 <?i 2 | = |cos^<?i 2 — 
svn?9\2\ < 0.2). Of course this strong constraint can be relaxed if the common 
mass is below the hot dark matter maximum. It is true in any case that a signal 
of Oz//3/3 near the present limit (like a large relic density of hot dark matter) 
would be an indication for nearly degenerate z/’s. 

In general, for naturalness reasons, the splittings cannot be too small with 
respect to the common mass, unless there is a protective symmetry [16]. This 
is because the wide mass differences of fermion masses, in particular charged 
lepton masses, would tend to create neutrino mass splittings via renormalization 
group running effects even starting from degenerate masses at a large scale. For 
example, the vacuum oscillation solution for solar neutrino oscillations would 
imply Amjm 10^® — 10^^^ which is difficult to obtain. In this respect the 
MSW- (large angle) solution would be favoured, but, if we insist that [mj^j 
1—2 el^, it is not clear that the mixing angle is sufficiently maximal. 

It is clear that in the degenerate case the most likely origin of v masses is 
from dim-5 operators O 5 = LjXijLjHH/M and not from the see-saw mechanism 
In fact we expect the z/-Dirac mass to be hierarchical like 
for all other fermions and a conspiracy to reinstaure a nearly perfect degeneracy 
between mjj and M, which arise from completely different physics, looks very 
unplausible. Thus in degenerate models, in general, there is no direct relation 
with Dirac masses of quarks and leptons and the possibility of a simultaneous 
description of all fermion masses within a grand unified theory is more remote 
[17]. 

4.2 Inverted Hierarchy 

The inverted hierarchy configuration jmij jm 2 ] ^ [ms] consists of two levels 
nil £^iid ni 2 with small splitting Am 12 = Am'j^^ and a common mass given 
by m? 2 - 2.5 • lO^^ eV^ (no large hot dark matter component in 

this case). One particularly interesting example of this sort [18], which leads to 
double maximal mixing, is obtained with the phase choice mi = —m 2 so that, 
approximately: 

'm-diag = M[l,-1,0] (10) 

The effective light neutrino mass matrix 

~ UnidiagU 



( 11 ) 
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which corresponds to the mixing matrix of double maximal mixing c = s = l/%/ 2 : 



Uf 



c — s 0 

s/V2 c/V2 -1/V2 

s/a/2 c/a/2 +1/a/2 



( 12 ) 



is given by: 






M 

V2 



0 1 1 
1 0 0 
1 0 0 



(13) 



The structure of nii, can be reproduced by imposing a flavour symmetry Lg — 
Ln—Lr starting from O 5 = Lj XijLjHH/M. The 1 — 2 degeneracy remains stable 
under radiative corrections. The preferred solar solutions are vacuum oscillations 
or the LOW solution. The MSW-(large angle) could be also compatible if the 
mixing angle is large enough. The required dominance of O 5 leads to the same 
comments as the degenerate models of the previous section. 



4.3 Hierarchical 



We now discuss the class of models which we consider of particular interest 
because this is the most constrained framework which allows a comprehen- 
sive combined study of all fermion masses in GUT’s. We assume three widely 
split z/’s and the existence of a right-handed neutrino for each generation, as 
required to complete a 16-dim representation of S'O(IO) for each generation. 
We then assume dominance of the see-saw mechanism We 

know that the third-generation eigenvalue of the Dirac mass matrices of up and 
down quarks and of charged leptons is systematically the largest one. It is nat- 
ural to imagine that this property will also be true for the Dirac mass of z/’s: 
diag[mo] ^ [0, 0, After see-saw we expect m,, to be even more hierarchical 

being quadratic in mo (barring fine-tuned compensations between mo and M). 
The amount of hierarchy, m\/m\ = Amlf.^/Am’^^,^, depends on which solar 
neutrino solution is adopted: the hierarchy is maximal for vacuum oscillations 
and LOW solutions, is moderate for MSW in general and could become quite 
mild for the upper Am^ domain of the MSW- (large angle) solution. A possible 
difficulty is that one is used to expect that large splittings correspond to small 
mixings because normally only close-by states are strongly mixed. In a 2 by 2 
matrix context the requirement of large splitting and large mixings leads to a 
condition of vanishing determinant. For example the matrix 



m (X 



x2 ^ 

X 1 



(14) 



has eigenvalues 0 and 1 + and for x of 0(1) the mixing is large. Thus in 
the limit of neglecting small mass terms of order mi ^2 the demands of large 
atmospheric neutrino mixing and dominance of m 3 translate into the condition 
that the 2 by 2 subdeterminant 23 of the 3 by 3 mixing matrix approximately 
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vanishes. The problem is to show that this vanishing can be arranged in a natural 
way without fine tuning. Once near maximal atmospheric neutrino mixing is 
reproduced the solar neutrino mixing can be arranged to be either small of 
large without difficulty by implementing suitable relations among the small mass 
terms. 

It is not difficult to imagine mechanisms that naturally lead to the approx- 
imate vanishing of the 23 sub-determinant. For example [18], [19], assume that 
one i/R is particularly light and coupled to jj, and t. In a 2 by 2 simplified context 
if we have 



M (X 



e o' 

0 1 ' 



M-^ 



1/e 0 

0 0 



(15) 



then for a generic mu we find 






m'//M ^Mu 



a c 




~l/e o' 




a b 


1 


ac 


b d 




0 0 




c d 


e 


ac (? 



(16) 



A different possibility that we find attractive is that, in the limit of neglecting 
terms of order mi ^2 and, in the basis where charged leptons are diagonal, the 
Dirac matrix mu, defined by RmuL, takes the approximate form: 



mu oc 



0 0 0 

0 0 0 

0x1 



(17) 



This matrix has the property that for a generic Majorana matrix M one finds: 



mi. 



m/jM ^mu oc 



0 0 0 

0 x^ X 

0x1 



(18) 



The only condition on is that the 33 entry is non zero. But when the 

approximately vanishing matrix elements are replaced by small terms, one must 
also assume that no new o(l) terms are generated in m,, by a compensation 
between small terms in mu and large terms in M . It is important for the following 
discussion to observe that mu given by (17) under a change of basis transforms 
as TOp— > V^^muU where V and U rotate the right and left fields respectively. 
It is easy to check that in order to make m u diagonal we need large left mixings 
(i.e. large off diagonal terms in the matrix that rotates left-handed fields). Thus 
the question is how to reconcile large left-handed mixings in the leptonic sector 
with the observed near diagonal form of Vqkm, the quark mixing matrix. Strictly 
speaking, since Vckm = U/Ua, the individual matrices [/„ and Ud need not be 
near diagonal, but Vckm does, while the analogue for leptons apparently cannot 
be near diagonal. However nothing forbids for quarks that, in the basis where 
m„ is diagonal, the d quark matrix has large non diagonal terms that can be 
rotated away by a pure right-handed rotation. We suggest that this is so and 
that in some way right-handed mixings for quarks correspond to left-handed 
mixings for leptons. 
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In the context of (Susy) SU(5) there is a very attractive hint of how the 
present mechanism can be realized. In the 5 of SU(5) the singlet appears 
together with the lepton doublet (z/, e). The (u, d) doublet and e° belong to the 
10 and z/° to the 1 and similarly for the other families. As a consequence, in the 
simplest model with mass terms arising from only Higgs pentaplets, the Dirac 
matrix of down quarks is the transpose of the charged lepton matrix: mfy = 
Thus, indeed, a large mixing for right-handed down quarks corresponds 
to a large left-handed mixing for charged leptons. At leading order we may have: 



md = {m)'^ 



0 0 0 

0 0 X 

0 0 1 



Vd 



(19) 



In the same simplest approximation with 5 or 5 Higgs, the up quark mass matrix 
is symmetric, so that left and right mixing matrices are equal in this case. Then 
small mixings for up quarks and small left-handed mixings for down quarks 
are sufficient to guarantee small Vckm mixing angles even for large d quark 
right-handed mixings. If these small mixings are neglected, we expect: 



m 



U 



0 0 0 
0 0 0 
0 0 1 



( 20 ) 



When the charged lepton matrix is diagonalized the large left-handed mixing of 
the charged leptons is transferred to the neutrinos. Note that in SU(5) we can 
diagonalize the u mass matrix by a rotation of the fields in the 10, the Majorana 
matrix M by a rotation of the 1 and the effective light neutrino matrix by 
a rotation of the 5. In this basis the d quark mass matrix fixes Vckm and the 
charged lepton mass matrix fixes neutrino mixings. It is well known that a model 
where the down and the charged lepton matrices are exactly the transpose of one 
another cannot be exactly true because of the e/d, and p,/s mass ratios. It is also 
known that one remedy to this problem is to add some Higgs component in the 
45 representation of SU(5) [20]. A different kind of solution [21] will be described 
later. But the symmetry under transposition can still be a good guideline if we 
are only interested in the order of magnitude of the matrix entries and not in 
their exact values. Similarly, the Dirac neutrino mass matrix mp is the same as 
the up quark mass matrix in the very crude model where the Higgs pentaplets 
come from a pure 10 representation of SO(IO): mo = For mo the dominance 
of the third family eigenvalue as well as a near diagonal form could be an order 
of magnitude remnant of this broken symmetry. Thus, neglecting small terms, 
the neutrino Dirac matrix in the basis where charged leptons are diagonal could 
be directly obtained in the form of (17). 



5 Simple Examples with Horizontal Abelian Charges 

We discuss here some explicit examples of the mechanism under discussion in 
the framework of a unified Susy SU{5) theory with an additional U{l)o flavour 
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symmetry [22]. If, for a given interaction vertex, the U{\)p charges do not add 
to zero, the vertex is forbidden in the symmetry limit. But the s}mimetry is 
spontaneously broken by the vev of a number of “flavon” fields with non 
vanishing charge. Then a forbidden coupling is rescued but is suppressed by 
powers of the small parameters v f /M with the exponent larger for larger charge 
mismatch. We expect u/ JS Mqut and M ^ Mp. Here we discuss some aspects 
of the description of fermion masses in these models. In the following sections 
we will consider how to imbed these concepts within more complete and realistic 
SU (5) models. We will also discuss the need and the options to go beyond 
minimal models. 

In these models the known generations of quarks and leptons are contained in 
triplets tf'fo and tf'g, (a = 1, 2, 3) transforming as 10 and 5 of SU(5), respectively. 
Three more SU{5) singlets describe the right-handed neutrinos. In SUSY 
models we have two Higgs multiplets, which transform as 5 and 5 in the minimal 
model. We first assume that they have the same charge. The simplest models are 
obtained by allowing all the third generation masses already in the symmetric 
limit. This is realised by taking vanishing charges for the Higgses and for the 
third generation components and 'I'f. We can arrange the unit of charge 

in such a way that the Cabibbo angle, which we consider as the typical hierachy 
parameter of fermion masses and mixings, is obtained when the suppression 
exponent is unity. Remember that the Cabibbo angle is not too small, A 0.22 
and that in U{l)p models all mass matrix elements are of the form of a power 
of a suppression factor times a number of order unity, so that only their order 
of suppression is defined. As a consequence, in practice, we can limit ourselves 
to integral charges in our units, for simplicity (for example, a/A 1/2 is already 
almost unsuppressed). 

After these preliminaries let’s first try a simplest model with all charges being 
non negative and containing one single flavon of negative charge. For example, 
we could take [23] (see also [24]) 



]Pio ^ (4, 2, 0) 
-^5 -^( 2 , 0 , 0 ) 
^1 ^(4,2,0) 



In this case a typical mass matrix has the form 



m 



yiiA«i+«i yi2A'?i+'?2 yigA'Ji+fe 

ygiA93+9i y32A®+?2 y33A®+?3 



V 



( 21 ) 

( 22 ) 

(23) 



(24) 



where all the yij are of order 1 and qi and </) are the charges of 10,10 for m„, of 
5,10 for 'Old or mj , of 1,5 for mp, (the Dirac v mass), and of 1,1 for M, the RR 
Majorana v mass. Note the two vanishing charges in They are essential for 
this mechanism: for example they imply that the 32, 33 matrix elements of mp 
are of order 1. It is important to observe that m can be written as: 

m = X^yX^ 



(25) 
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where Ag = diag[\q^^ Ag^, Agg] and y is the yij matrix. As a consequence when we 
start from the Dirac v matrix: mo = A'^^yxjA'?® and the RR Majorana matrix 
M = £^iid write down the see-saw expression for m^, = 

we find that the dependence on the qi charges drops out and only that from 
remains. On the one hand this is good because it corresponds to the fact that 
the effective light neutrino Majorana mass matrix ^ L can be written 
in terms of gg only. In particular the 22,23,32,33 matrix elements of are of 
order 1, which implies large mixings in the 23 sector. On the other hand the sub 
determinant 23 is not suppressed in this case, so that the splitting between the 2 
and 3 light neutrino masses is in general small. In spite of the fact that mo is, in 
first approximation, of the form in (17) the strong correlations between mo and 
M implied by the simple charge structure of the model destroy the vanishing 
of the 23 sub determinant that would be guaranteed for generic M. Models of 
this sort have been proposed in the literature [23], [24]. The hierarchy between 
m -2 and m 3 is considered accidental and better be moderate. The preferred solar 
solution in this case is MSW- (small angle) because if mi is suppressed the solar 
mixing angle is t}q)ically small. 

Models with natural large 23 splittings are obtained if we allow negative 
charges and, at the same time, either introduce flavons of opposite charges or 
stipulate that matrix elements with overall negative charge are put to zero. We 
now discuss a model of this sort [3]. We assign to the fermion fields the set of 
F-charges given by: 



tf'io 


^(3,2,0) 


(26) 




^(3,0,0) 


(27) 




^(1,-1,0) 


(28) 



We consider the Yukawa coupling allowed by U{1) j?- neutral Higgs multiplets y >5 
and y >5 in the 5 and 5 SU (5) representations and by a pair 0 and 0 of SU (5) 
singlets with F = \ and F = — 1, respectively. 

In the quark sector we obtain : 



= (m„)^ = 


'A« 

AS 


A® 

A4 


A^' 

A^ 


■Vu , 


ma = 


'A® 

A=^ 


A® 

A^ 


A^' 

1 




A3 


A2 


1 






A3 


A2 


1 



from which we get for the eigenvalues the order-of-magnitude relations: 



and 



m„ : me : mt = A® : A*^ : 1 




md : mg : m^ = A® : A^ : 1 


(30) 


A , 14b A® , 145 A2 . 


(31) 



Here = (y’s), Vd = (y’ 5 ) and A, arising from the 0 vev, is, as above, of 
the order of the Cabibbo angle. For non- negative F'-charges, the elements of the 
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quark mixing matrix Vckm depend only on the charge differences of the left- 
handed quark doublet [22]. Up to a constant shift, this defines the choice in (26). 
Equal i'-charges for (see (27)) are then required to fit m;, and m^. We will 
comment on the lightest quark masses later on. 

At this level, the mass matrix for the charged leptons is the transpose of nid'- 

mi = {maf (32) 



and we find: 

ru-e : : rrir = A® : : 1 (33) 

The 0(1) off-diagonal entry of m; gives rise to a large left-handed mixing in the 
23 block which corresponds to a large right-handed mixing in the d mass matrix. 
In the neutrino sector, the Dirac and Majorana mass matrices are given by: 



'A4 


A 


A' 






'A 2 


1 


A' 


A 2 


A' 


A' 


Vu , 


M = 


1 


A '2 


A' 


A3 


1 


1 






A 


A' 


1 



(34) 



where A' is related to 0 and M denotes the large mass scale associated to the 
right-handed neutrinos: M ^ d- 

After diagonalization of the charged lepton sector and after integrating out 
the heavy right-handed neutrinos we obtain the following neutrino mass matrix 
in the low-energy effective theory: 



rriy 



'A® A3 
A3 1 
A3 1 



A3- 

1 

1 



M 



(35) 



where we have taken X ^ X' . The 0(1) elements in the 23 block are produced 
by combining the large left-handed mixing induced by the charged lepton sector 
and the large left-handed mixing in mp. A crucial property of mi, is that, as a 
result of the sea-saw mechanism and of the specific U{l)p charge assignment, 
the determinant of the 23 block is automatically of O(X^) (for this the presence 
of negative charge values, leading to the presence of both A and A' is essential 
[ 2 ]). 

It is easy to verify that the eigenvalues of satisfy the relations: 

mi : m 2 : m 3 = A*^ : A^ : 1 . (36) 

The atmospheric neutrino oscillations require m| 10^3 eV^. Prom (35), taking 
250 GeV, the mass scale M of the heavy Majorana neutrinos turns out to 
be close to the unification scale, M ^ 10^3 GeV. The squared mass difference 
between the lightest states is of ©(A*^) m 3 , appropriate to the MSW solution to 
the solar neutrino problem. Finally, beyond the large mixing in the 23 sector, 
provides a mixing angle s (A/2) in the 12 sector, close to the range preferred 
by the small angle MSW solution. In general Udi is non- vanishing, of 0(A3). 

In general, the charge assignment under U(l)j? allows for non-canonical ki- 
netic terms that represent an additional source of mixing. Such terms are allowed 
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by the underlying flavour symmetry and it would be unnatural to tune them to 
the canonical form. The results quoted up to now remain unchanged after in- 
cluding the effects related to the most general kinetic terms, via appropriate 
rotations and rescaling in the flavour space. 

Obviously, the order of magnitude description offered by this model is not 
intended to account for all the details of fermion masses. Even neglecting the 
parameters associated with the CP violating observables, some of the rele- 
vant observables are somewhat marginally reproduced. For instance we obtain 
'rriu/'mt ^ A® which is perhaps too large. However we And it remarkable that 
in such a simple scheme most of the 12 independent fermion masses and the 6 
mixing angles turn out to have the correct order of magnitude. Notice also that 
this model prefers large values of tan/3 = This is a consequence of the 

equality (see (26) and (27)). In this case the Yukawa couplings 

of top and bottom quarks are expected to be of the same order of magnitude, 
while the large nit/rrn, ratio is attributed to Vd (there may be factors 0(1) 
modifying these considerations, of course). Alternatively, to keep tan/3 small, 
one could suppress rrib/'mt by adopting different F-charges for the and Ffo 
or for the 5 and 5 Higgs, as we will see in the next section. 

A common problem of all SU{5) unified theories based on a minimal higgs 
structure is represented by the relation m; = that, while leading to the 

successful nib = 'm-T boundary condition at the GUT scale, provides the wrong 
prediction nid/nis = (which, however, is an acceptable order of magni- 

tude equality). We can easily overcome this problem and improve the picture [21] 
by introducing an additional supermultiplet 024 transforming in the adjoint rep- 
resentation of SU (5) and possessing a negative U{\)f charge, —n (n > 0). Under 
these conditions, a positive F-charge / carried by the matrix elements can 

be compensated in several different ways by monomials of the kind ( 0 )^( 024 )'^, 
with p nq = f. Each of these possibilities represents an independent contri- 
bution to the down quark and charged lepton mass matrices, occurring with an 
unknown coefficient of 0(1). Moreover the product (024)'^‘7’S contains both the 
5 and the 45 SU{5) representations, allowing for a differentiation between the 
down quarks and the charged leptons. The only, welcome, exceptions are given 
by the 0(1) entries that do not require any compensation and, at the leading 
order, remain the same for charged leptons and down quarks. This preserves 
the good nib = 'm-T prediction. Since a perturbation of 0(1) in the subleading 
matrix elements is sufficient to cure the bad nidlnig = me/m^t relation, we can 
safely assume that (024)/Afp A", to preserve the correct order-of-magnitude 

predictions in the remaining sectors. 

A general problem common to all models dealing with flavour is that of 
recovering the correct vacuum structure by minimizing the effective potential of 
the theory. It may be noticed that the presence of two multiplets 0 and 0 with 
opposite F charges could hardly be reconciled, without adding extra structure 
to the model, with a large common VEV for these fields, due to possible analytic 
terms of the kind (00)" in the superpotential. We And therefore instructive to 
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explore the consequences of allowing only the negatively charged 0 field in the 
theory. 

It can be immediately recognized that, while the quark mass matrices of 
(29) are unchanged, in the neutrino sector the Dirac and Majorana matrices get 
modified into: 

'A^ A A] [A^ 1 A' 

me = A2 0 0 , M = 1 0 0 M . (37) 

A3 1 1 J [ A 0 1 

The zeros are due to the analytic property of the superpotential that makes 
impossible to form the corresponding F invariant by using 0 alone. These zeros 
should not be taken literally, as they will be eventually filled by small terms 
coming, for instance, from the diagonalization of the charged lepton mass matrix 
and from the transformation that put the kinetic terms into canonical form. It 
is however interesting to work out, in first approximation, the case of exactly 
zero entries in mo and M, when forbidden by F. 

The neutrino mass matrix obtained via see-saw from mo and M has the 
same pattern as the one displayed in (35). A closer inspection reveals that the 
determinant of the 23 block is identically zero, independently from A. This leads 
to the following pattern of masses: 

mi : m 2 : m 3 = A® : A^ : 1 , mf — m^ = 0(A®) . (38) 

Moreover the mixing in the 12 sector is almost maximal: 

- = j + 0(A3) . (39) 

c 4 

For A 0.2, both the squared mass difference (m^ — m^/m^ and sin^ 20 sun are 
remarkably close to the values required by the vacuum oscillation solution to 
the solar neutrino problem. This property remains reasonably stable against the 
perturbations induced by small terms (of order A®) replacing the zeros, coming 
from the diagonalization of the charged lepton sector and by the transformations 
that render the kinetic terms canonical. We find quite interesting that also the 
just-so solution, requiring an intriguingly small mass difference and a bimaximal 
mixing, can be reproduced, at least at the level of order of magnitudes, in the 
context of a “minimal” model of flavour compatible with supersymmetric SU(5). 
In this case the role played by supersymmetry is essential, a non-supersymmetric 
model with 0 alone not being distinguishable from the version with both 0 and 
0 , as far as low-energy flavour properties are concerned. 

6 From Minimal to Realistic SUSY SU(5) 

In this section, following the lines of a recent study [ 6 ], we address the question 
whether the smallest SUSY SU(5) symmetry group can still be considered as a 
basis for a realistic GUT model. The minimal model has large fine tuning prob- 
lems (e.g. the doublet-triplet splitting problem) and phenomenological problems 
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from the new improved limits on proton decay [25] . Also, analyses of particular 
aspects of GUT’s often leave aside the problem of embedding the sector under 
discussion into a consistent whole. So the problem arises of going beyond minimal 
toy models by formulating sufficiently realistic, not unnecessarily complicated, 
relatively complete models that can serve as benchmarks to be compared with 
experiment. More appropriately, instead of “realistic” we should say “not grossly 
unrealistic” because it is clear that many important details cannot be sufficiently 
controlled and assumptions must be made. The model we aim at should not rely 
on large fine tunings and must lead to an acceptable phenomenology. This in- 
cludes coupling unification with an acceptable value of as{mz), given a and 
sin?9w at niz, compatibility with the bounds on proton decay, agreement with 
the observed fermion mass spectrum, also considering neutrino masses and mix- 
ings and so on. The success or failure of the programme of constructing realistic 
models can decide whether or not a stage of gauge unification is a likely possi- 
bility. 

We indeed have presented in [6] an explicit example of a “realistic” SU(5) 
model, which uses a U{l)p s}unmetry as a crucial ingredient. In this model the 
doublet-triplet splitting problem is solved by the missing partner mechanism [26] 
stabilised by the flavour symmetry against the occurrence of doublet mass lift- 
ing due to non renormalisable operators. Relatively large representations (50, 50, 
75) have to be introduced for this purpose. A good effect of this proliferation of 
states is that the value of as{mz) obtained from coupling unification in the next 
to the leading order perturbative approximation receives important negative cor- 
rections from threshold effects near the GUT scale arising from mass splittings 
inside the 75. As a result, the central value changes from a.s{mz) ~ 0.129 in 
minimal SUSY SU(5) down to a.s{mz) ~ 0.116, in better agreement with ob- 
servation. At the same time, an increase of the effective mass that mediates 
proton decay by a factor of typically 20-30 is obtained to optimize the value of 
ag{mz). So Anally the value of the strong coupling is in better agreement with 
the experimental value and the proton decay rate is smaller by a factor 400-1000 
than in the minimal model (in addition the rigid relation of the minimal model 
between mass terms and proton decay amplitudes is released, so that the rate 
can further be reduced) . The presence of these large representations also has the 
consequence that the asymptotic freedom of SU(5) is spoiled and the associated 
gauge coupling becomes non perturbative below Mp. We argue that this prop- 
erty far from being unacceptable can actually be useful to obtain better results 
for fermion masses and proton decay. The same U{l)p flavour symmetry that 
stabilizes the missing partner mechanism explains the hierarchical structure of 
fermion masses. In the neutrino sector, mass matrices similar to those discussed 
in the previous section are obtained. In the present particular version maximal 
mixing also for solar neutrinos is preferred. 

While we refer to the original paper for a complete discussion, here we only 
summarise the fermion mass sector of the model, which is of relevance for neutri- 
nos. At variance with the previous models we adopt in this case different U (1) p 
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charges for the Higgs field H ^ 5 and H ^ 5: 

F{H) = -2 and F(H) = 1, (40) 

For matter fields 

F(!fio) = (4,3,1) 

FiFs) = (5,2,2) 

FiF,) = il,-l,0) (41) 

The Yukawa mass matrices are, in first approximation, of the form: 

'A® A3' 

m„ = A® A*^ A^ c„/V2 , (42) 

A® A2 1 



'A® A® A3] 

md = A® A^ 1 VdX^lV2 
A^ A^ 1 

'A^ A A' 

= A^ 0 0 u„/V2 

A3 1 1 



'A2 1 A' 

'ITlmaj = 1 0 0 M 

A 0 1 



(43) 

(44) 

(45) 



For a correct first approximation of the observed spectrum we need A Ac ~ 
0.22, Ac being the Cabibbo angle. These mass matrices closely match those of 
the previous section, with two important special features. First, we have here 
that tanf3 = v^^jvd ~ mf/m^A*^, which is small. The factor A*^ is obtained as 
a consequence of the Higgs and matter fields charges F, while previously the 
F[ and H charges were taken as zero. We recall that a value of tan j3 near 1 is 
an advantage for suppressing proton decay. Of course the limits from LEP that 
indicate that tanf3 <; 2 — 3 must be and can be easily taken into account. Second, 
the zero entries in the mass matrices of the neutrino sector occur because the 
negatively F-charged flavon fields have no counterpart with positive F-charge in 
this model. Neglected small effects could partially fill up the zeroes. As already 
explained these zeroes lead to near maximal mixing also for solar neutrinos. A 
problematic aspect of this zeroth order approximation to the mass matrices is the 
relation nid = mf . The necessary corrective terms can arise from the neglected 
higher order terms from non renormalisable operators with the insertion of n 
factors of the 75, which break the transposition relation between nid and m;. 
With reasonable values of the coefficients of order 1 we obtain double nearly 
maximal mixing and <?i 3 0.05. The preferred solar solutions are LOW or 

vacuum oscillations. 
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7 SU(5) Unification in Extra Dimensions 

Recently it has been observed that the GUT gauge symmetry could be actu- 
ally realized in 5 (or more) space-time dimensions and broken down to the the 
Standard Model (SM) by compactification In particular a model with N=2 
Supersymmetry (SUSY) and gauge SU(5) in 5 dimensions has been proposed 
[28] where the GUT symmetry is broken by compactification on j[Z 2 x Z'q) 
down to a N=1 SUSY-extended version of the SM on a 4-dimensional brane. In 
this model many good properties of GUT’s, like coupling unification and charge 
quantization are maintained while some unsatisfactory properties of the conven- 
tional breaking mechanism, like doublet-triplet splitting, are avoided. In a recent 
paper of ours [7] we have elaborated further on this class of models. We differ 
from [28] (and also from the later reference [29]) in the form of the interactions 
on the 4-dimensional brane. As a consequence we not only avoid the problem 
of the doublet-triplet splitting but also directly suppress or even forbid proton 
decay, since the conventional higgsino and gauge boson exchange amplitudes are 
absent, as a consequence of Z 2 x Z'^ parity assignments on matter fields on the 
brane. Most good predictions of SUSY SU(5) are thus maintained without un- 
natural fine tunings as needed in the minimal model. We find that the relations 
among fermion masses implied by the minimal model, for example = m.y 
at Mqut are preserved in our version of the model, although the Yukawa in- 
teractions are not fully SU(5) symmetric. The mechanism that forbids proton 
decay still allows Majorana mass terms for neutrinos so that the good poten- 
tiality of SU(5) for the description of neutrino masses and mixing is preserved. 
This class of models offers a new perspective on how the GUT symmetry and 
s}unmetry- breaking could be realized. 

8 SO(IO) Models 

Models based on AO) 10) times a flavour s}unmetry are more difficult to construct 
because a whole generation is contained in the 16, so that, for example for 
U(l)i?, one would have the same value of the charge for all quarks and leptons 
of each generation, which is too rigid. But the mechanism discussed sofar, based 
on asymmetric mass matrices, can be embedded in an AO) 10) grand- unified 
theory in a rather economic way [30], [14]. The 33 entries of the fermion mass 
matrices can be obtained through the coupling 16316310^ among the fermions 
in the third generation, I63, and a Higgs tenplet lOjj. The two independent 
VEVs of the tenplet and Vd give mass, respectively, to t/vr and 6/t. The 
keypoint to obtain an asymmetric texture is the introduction of an operator 
of the kind 162l6^f 16316)^ . This operator is thought to arise by integrating 
out an heavy 10 that couples both to 162162^ and to 16316)^. If the IQh 
develops a VEV breaking AO) 10) down to SU (5) at a large scale, then, in terms 
of SU{5) representations, we get an effective coupling of the kind 52IO35JJ, 

^ Grand unified supersymmetric models in six dimensions, with the grand unified scale 
related to the compactification scale were also proposed by Fayet [27]. 
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with a coefficient that can be of order one. This coupling contributes to the 23 
entry of the down quark mass matrix and to the 32 entry of the charged lepton 
mass matrix, realizing the desired asymmetry. To distinguish the lepton and 
quark sectors one can further introduce an operator of the form 16jl6jT0jj45jj, 
[i,j = 2, 3), with the VEV of the 45^ pointing in the B — L direction. Additional 
operators, still of the type 16j 16^16^ 16^ can contribute to the matrix elements 
of the first generation. The mass matrices look like: 





'0 


0 


0 




'0 


5 


5' 


m„ = 


0 


0 


e/3 




d 


0 


a + e/3 




0 


-e/3 


1 




5' 


-e/3 


1 



'0 


0 


0 ■ 






'0 


3 


5' ■ 


0 


0 


— e 


Vu. , 


me = 


(5 


0 


— e 


0 


e 


1 _ 






5' 


cr + e 


1 _ 



(46) 



(47) 



They provide a good fit of the available data in the quarks and the charged lepton 
sector in terms of 5 parameters (one of which is complex) . In the neutrino sector 
one obtains a large 023 mixing angle, sin^ 20^2 6.6 • 10^^ eV^ and 0 i 3 of the 

same order of 0i2. Mass squared differences are sensitive to the details of the 
Majorana mass matrix. 

Looking at models with three light neutrinos only, i.e. no sterile neutrinos, 
from a more general point of view, we stress that in the above models the atmo- 
spheric neutrino mixing is considered large, in the sense of being of order one in 
some zeroth order approximation. In other words it corresponds to off diagonal 
matrix elements of the same order of the diagonal ones, although the mixing is 
not exactly maximal. The idea that all fermion mixings are small and induced 
by the observed smallness of the non diagonal Vckm matrix elements is then 
abandoned. An alternative is to argue that perhaps what appears to be large is 
not that large after all. The typical small parameter that appears in the mass 
matrices is A '^0.20 — 0.25. This small parameter is not 

so small that it cannot become large due to some peculiar accidental enhance- 
ment: either a coefficient of order 3, or an exponent of the mass ratio which is 
less than 1/2 (due for example to a suitable charge assignment), or the addition 
in phase of an angle from the diagonalization of charged leptons and an angle 
from neutrino mixing. One may like this strategy of producing a large mixing 
by stretching small ones if, for example, he/she likes symmetric mass matrices, 
as from left-right symmetry at the GUT scale. In left-right symmetric models 
smallness of left mixings implies that also right-handed mixings are small, so 
that all mixings tend to be small. Clearly this set of models [31] tend to favour 
moderate hierarchies and a single maximal mixing, so that the SA-MSW solution 
of solar neutrinos is preferred. 



9 Conclusion 

By now there are rather convincing experimental indications for neutrino os- 
cillations. If so, then neutrinos have non zero masses. As a consequence, the 
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phenomenology of neutrino masses and mixings is brought to the forefront. This 
is a very interesting subject in many respects. It is a window on the physics of 
GUTs in that the extreme smallness of neutrino masses can only be explained in 
a natural way if lepton number is violated. Then neutrino masses are inversely 
proportional to the large scale where lepton number is violated. Also, the pattern 
of neutrino masses and mixings can provide new clues on the long standing prob- 
lem of quark and lepton mass matrices. The actual value of neutrino masses is 
important for cosmology as neutrinos are candidates for hot dark matter: nearly 
degenerate neutrinos with a common mass around 1- 2 eV would significantly 
contribute to the matter density in the universe. 

While the existence of oscillations appears to be on a solid ground, many 
important experimental ambiguities remain. For solar neutrinos it is not yet 
clear which of the solutions, MSW-SA, MSW-LA, LOW and VO, is true, and 
the possibility also remains of different solutions if not all of the experimental 
input is correct (for example, energy independent solutions are resurrected if the 
Homestake result is modified). Finally a confirmation of the LSND alleged signal 
is necessary, in order to know if 3 light neutrinos are sufficient or additional 
sterile neutrinos must be introduced. We argued in favour of models with 3 
widely split neutrinos. Reconciling large splittings with large mixing(s) requires 
some natural mechanism to implement a vanishing determinant condition. This 
can be obtained in the see-saw mechanism if one light right-handed neutrino is 
dominant, or a suitable texture of the Dirac matrix is imposed by an underlying 
s}unmetry. In a GUT context, the existence of right-handed neutrinos indicates 
SO (10) at least as a classification group. The symmetry group at Mqut could 
be either (Susy) SU(5) or SO(IO) or a larger group. We have presented a class of 
natural models where large right-handed mixings for quarks are transformed into 
large left-handed mixings for leptons by the approximate transposition relation 
ijifi = m)T which is approximately realised in SU(5) models. We have shown that 
these models can be naturally implemented by simple assignments of U{\)p 
horizontal charges. 

In conclusion the fact that some neutrino mixing angles are large, while 
surprising at the start, was eventually found to be well be compatible, without 
any major change, with our picture of quark and lepton masses within GUTs. 
In fact, it provides us with new important clues that can become sharper when 
the experimental picture will be further clarified. 
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Abstract. After a brief introduction to standard cosmology and the dark matter 
problem in the Universe, we consider a self-gravitating noninteracting fermion gas at 
nonzero temperature as a model for the dark matter halo of the Galaxy. This fermion 
gas model is then shown to imply the existence of a supermassive compact dark object 
at the Galactic center. 

1 Introduction 

At some stage of the evolution of the Universe, primordial density fluctuations 
must have become gravitationally unstable forming dense clumps of dark matter 
(DM) that have survived until today in the form of galactic halos. In the recent 
past, galactic halos were successfully modeled as a self- gravitating isothermal 
gas of particles of arbitrary mass, the density of which scales asymptotically as 
yielding flat rotation curves [1]. The aim of this paper is to describe the 
halo of our Galaxy in terms of a self-gravitating fermion gas in hydrostatic and 
thermal equilibrium at finite temperature. 

Self-gravitating weakly interacting fermionic matter has been exploited in a 
wide range of astrophysical phenomena. Originally, self-gravitating degenerate 
neutrino stars were suggested as a model for quasars [1], and later neutrino mat- 
ter was used as a model for dark matter in galactic halos and clusters of galaxies, 
with a neutrino mass in the eV range [3]. Recently, degenerate superstars, 
composed of weakly interacting fermions in the 10 keV range, were suggested 
[3, 4, 5, 6, 7] as an alternative to the supermassive black holes that are believed to 
exist at the centers of galaxies. It was shown [5] that such degenerate fermion 
stars could explain the whole range of supermassive compact dark objects which 
have been observed so far, with masses ranging from 10® to 3 x 10®M©, merely 
assuming that a weakly interacting quasistable fermion of mass m ~ 15 keV 
exists in Nature. Most recently, it has been pointed out that a weakly inter- 
acting dark matter particle in the mass range 1 7S m/keV 5 could solve the 
problem of the excessive structure generated on subgalactic scales in A^-body 
and hydrodynamical simulations of structure formation in this Universe [9]. 

Of course, it is well known that the interval 1-15 keV lies squarely in the 
cosmologically forbidden mass range for stable active neutrinos v [12]. However, 
for an initial lepton asymmetry of 10^®, a sterile neutrino Vg of mass 10 

keV may be resonantly produced in the early Universe with near closure density, 
i.e., Q 1 [11] . The resulting energy spectrum is not thermal but rather cut off so 
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that it approximates a degenerate Fermi gas. In this mass range, sterile neutrinos 
are also constrained by astrophysical bounds on the radiative Vg — t decay 

[14]. However, the allowed parameter space includes nig ~ 15 keV, contributing 
ilgi ~ 0.3 to the critical density, as favored by the BOOMERANG data [15]. As 
an alternative possibility, the '^15 keV sterile neutrino could be replaced by the 
axino [14] or the gravitino [15,16] in soft supersymmetry breaking scenarios. 

As the supermassive compact dark objects at the galactic centers are well de- 
scribed by a degenerate gas of fermions, it is tempting to explore the possibility 
that one could describe both the supermassive compact dark objects and their 
galactic halos in a unified way in terms of a fermion gas at finite temperature. 
We will show that this is indeed the case, and that the observed dark matter 
distribution in the Galactic halo is consistent with the existence of a supermas- 
sive compact dark object at the center of the Galaxy which has about the right 
mass and size, and is in thermal and hydrostatic equilibrium with the halo. 



2 Standard Cosmology 



Standard cosmology provides a successful description of the evolution of the 
Universe from a fraction of a second after the creation until today. A short 
review on the standard model of cosmology is given in [17]. For our purpose, it 
is sufficient to state the basic underlying principles. Standard cosmology is based 
on the following three theoretical assumptions: 

1. Cosmological Principle. The cosmological principle asserts that the 
Universe is homogeneous and isotropic on large scales. The most general metric 
satisfying the cosmological principle is the Friedmann- Robertson- Walker metric 



[18] 



ds^ 



dt^ — a{t)^ 



dr'^ 

1 — kr^ 



— {dd'^ + sin 9d(p ) , 



( 1 ) 



where the curvature constant k takes on the values 1, 0, or -1, for a closed, flat, 
or open universe, respectively. The time-dependent quantity a{t) is the scale 
factor of the expansion conveniently normalized to unity at present time, i.e., 
a(to) = 1. In other words, a is the radius of the Universe measured in units of 
its current radius. 

2. General Relativity. Gravity is described by Einstein’s general theory of 
relativity governed by the equivalence principle and Einstein’s held equations. 

3. Perfect Fluid. Matter is approximated by a homogeneous perfect fluid. 
The energy-momentum tensor then takes a simple form 



^ fiiy (P U P^'^jj.'^i/ Qjjiu ? (2) 

where p and p are the density and the pressure of the fluid, respectively. 

With these assumptions, the set of Einstein’s equations reduces to the Fried- 
mann-Robertson- Walker (FRW) equations 

0.^^ 87T/9 k A 

3 ^ ^ 3 " 



m? ^ 



a 



( 3 ) 
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- = ^ -47t(/9 + 3p), (4) 

a 4 

where the natural system of units h = c = G= lis assumed. The first FRW 
equation describes the expansion of the Universe. The quantity H{t) is the Hub- 
ble “constant” and A is the cosmological constant. We define the critical density 
as Per = 3iFo/87T and the ratio of the density to the critical density is denoted 
by f? = pj Per- The precise present value of the Hubble constant is not known, 
but the widely accepted value is iFo = fOO/io kms^^Mpe^^, with a dimension- 
less parameter /iq between 0.4 and 1. Dividing by (3) at t = to can be 

conveniently written as a sum rule, i.e., 

~ = 1, (5) 

where = ^/(34to) is the vacuum energy contribution to the critical density 
today. Observational evidence favors a flat universe today, i.e., k = 0. Thus, (5) 
becomes 

f?o + = 1- (6) 

The second FRW equation (4) describes the acceleration of the expansion. The 
expansion will accelerate or decelerate, depending on whether the vacuum energy 
dominates the matter or vice versa. However, even if the cosmological term 
vanishes, the expansion could accelerate if the dominant component of the DM 
obeys a peculiar equation of state such that the pressure is negative and higher 
than one third of the density. One popular example is the scalar held model called 
quintessence [19]. Another scenario is based on a fluid obeying the Chaplygin gas 
equation of state p oc —\jp [20,21], which has been intensively investigated for 
its solubility in 1+1-dimensional space-time, for its supersymmetric extension 
and connection to d-branes [22] . 

The observational evidence in support of standard cosmology may be sum- 
marized in four empirical pillars [23]: Hubble’s law, cosmic background radiation 
(CBR), anisotropy of CBR, and abundance patterns of light elements. However, 
despite an overwhelming observational support, a number of problems remain 
unsolved: 

• What caused the Big Bang and the expansion? Did the Universe begin with 
more than 3+1 dimensions? 

• Why is the cosmological constant A about 50-120 orders of magnitude smaller 
than the value expected from quantum held theory? 

• What caused the initial baryon-antibaryon asymmetry that led to the ab- 
sence of antimatter today? 

• Why is the Universe so smooth on large scales as evidenced by CBR? 

• What caused the primordial density fluctuations that provided the seeds for 
structure formation? 

• What does nonbaryonic DM consist of? 

A solution to these problems most probably goes beyond the standard model of 
cosmology and certainly beyond the standard model of particle physics. 
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3 Dark Matter 

Here, we briefly discuss the DM problem and possible DM candidates. A more 
detailed analysis may be found in a number of recent review articles [24]. 

DM has to be introduced because of the following facts: 

• Astronomical observations, such as the flattness of the rotation curves of 
spiral galaxies and the peculiar motion of galaxies within clusters, strongly 
indicate that 

^ 0.3 . (7) 

PcT 

• Consistency with the Big Bang nucleosynthesis implies for baryonic matter 

0.008/ig^ <f^B< 0.024 (8) 

• Astronomical observations yield a small relative density of luminous matter 

aum = 0.003V^ (9) 

Prom these facts we conclude that 

• About 99% of matter is dark. 

• About 60%-90% of DM is nonbaryonic. 

• At least 75% of baryonic matter is dark. 

Whereas baryonic DM is most likely in the form of relatively standard astro- 
physical objects, e.g., cold hydrogen clouds or compact objects such as neutron 
stars, brown dwarfs, MACHOs, and even black holes, the nature of nonbaryonic 
DM is unknown and still a subject of speculations. Candidates within the stan- 
dard model are practically excluded and those beyond the standard model have 
not yet been detected in particle physics experiments. Nevertheless, cosmologi- 
cal and astrophysical observations tell us what these, yet undetected, particles 
could or could not be. 

The different DM scenarios are conveniently classified as hot, warm, and 
cold DM [25], depending on the thermal velocities of DM particles in the early 
Universe. 

Hot DM refers to low-mass neutral particles that are still relativistic when 
galaxy-size masses ('^ lO^^M©) are first encompassed within the horizon. Hence, 
fluctuations on galaxy scales are wiped out by the “free streaming” of the dark 
matter. Standard examples of hot DM are neutrinos and majorons. They are 
still in thermal equilibrium after the QCD deconflnement transition, which took 
place at '4 qcd — 150 MeV. Hot DM particles have a cosmological number density 
comparable with that of microwave background photons, which implies an upper 
bound to their mass of a few tens of eV. 

Warm DM particles are just becoming nonrelativistic when galaxy-size masses 
enter the horizon. Warm DM particles interact much more weakly than neutri- 
nos. They decouple (i.e., their mean free path first exceeds the horizon size) at 
T ^ '4 QCD- As a consequence, their number is expected to be roughly an or- 
der of magnitude lower and their mass an order of magnitude larger, than hot 
DM particles. Examples of warm DM are keV sterile neutrinos, axinos [14], 
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or gravitinos in soft supersymmetry breaking scenarios [15,16]. There has been 
renewed interest in the standard model neutrino as a candidate for warm DM 
[26]. 

Cold DM particles are already nonrelativistic when even globular cluster 
masses ('^ 10® M©) enter the horizon. Hence, their free streaming is of no cos- 
mological importance. In other words, all cosmologically relevant fluctuations 
survive in a universe dominated by cold DM. The two main particle candidates 
for cold dark matter are the lowest supersymmetric weakly interacting massive 
particles (WIMPs) and the axion. 

One of the central issues in dark-matter modeling is the problem of struc- 
ture formation on subgalactic scales. The combination of cold DM and a small 
cosmological constant (dCDM) seems to be in good agreement with many ob- 
servational constraints. However, N-body and hydrodynamical simulations of 
galaxy formation evidence that HCDM overpredicts structure on small scales 
[9]. In addition to that, high-resolution simulations generally And a dark matter 
profile with a central cusp p oc ® for galactic halos [27,28] which seems to 
contradict the observations. 

Clustering on small scales could be suppressed by an upper limit to the 
phase-space density of DM particles owing either to degeneracy pressure if they 
are fermions or to a repulsive interaction if they are bosons. The fermion mass 
would have to he in the range 0.1 m ;S 10 keV. A specific scenario invoking 
keV mass fermions is the cool- dark-matter proposal [14] for which candidates 
exist in shadow-world models and the axino. 

4 Galactic Halo 

We now discuss the properties of the halo of our Galaxy assuming that it con- 
sists of a self-gravitating gas of keV mass fermions in hydrostatic and thermal 
equilibrium at finite temperature. The Milky Way Galaxy consists of five major 
components which are nested within each other [29]. A spheroidal halo with 
modest concentations of stars and about 170 globular clusters extends out to a 
radius of perhaps 200 kpc. Within a radius of 25 kpc, the halo contains stars 
and open clusters that are concentrated into two essentially coplanar disks: the 
thin disk and the thick disk. In their innermost part the disks merge with a 
spheroidal bulge, the central concentration of luminous matter in the Galaxy. 
Finally, a compact dark object with a mass of — 2.6 x 10®M© is located 
in the vicinity of the enigmatic radio source Sgr A* at the Galactic center [11], 
within a radius of 18 mpc. 

Here, we demonstrate that by extending the Thomas-Fermi theory to nonzero 
temperature it is possible to explain, within the same model, both the Galactic 
halo and the compact dark object at the Galactic center. Extending the Thomas- 
Fermi theory to finite temperature [18,17,33], it has been shown that, at some 
critical temperature Tc, weakly interacting massive fermionic matter with a total 
mass below the Oppenheimer-Volkoff limit [34] undergoes a first-order gravita- 
tional phase transition from a diffuse to a clustered state, i.e., a nearly degenerate 
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fermion star. However, during this first-order phase transition a large amount of 
latent heat must be released in order to substantially decrease the entropy of the 
initial diffuse configuration. In the absence of a mechanism which would make 
such a release possible, the system would remain in a thermodynamic quasistable 
supercooled state close to the point of gravothermal collapse. The Fermi gas will 
be caught in the supercooled state even if the total mass of the gas exceeds 
the Oppenheimer-Volkoff limit as a stable condensed state does not exist in this 
case. 

The formation of a quasistable supercooled state may be understood as a 
process similar to that of violent relaxation, which was introduced to describe 
rapid virialization of stars of different mass in globular clusters [35,36]. Through 
the gravitational collapse of an overdense fluctuation at about one Gyr after 
the Big Bang, part of gravitational energy transforms into the kinetic energy of 
random motion of small-scale density fluctuations. The resulting virialized cloud 
will thus be well approximated by a gravitationally stable thermalized halo. In 
order to estimate the mass-to-temperature ratio, we assume that an overdense 
cloud of mass M stops expanding at the time tm, reaching its maximal radius 
i?in and the average density = ^M/{4nR^). The total energy per particle is 
just the gravitational energy 



E 



3 M 
5R^ ■ 



( 10 ) 



Prom the spherical model of nonlinear collapse [37] it follows 



Pm 






TfT 



T ^m)' 1 



( 11 ) 



where p{t^) is the background density at the time or the cosmological redshift 
Zm. We approximate the virialized cloud by a singular isothermal sphere [36] of 
the mass of the Galaxy M and radius R. The singular isothermal sphere is 
characterized by a constant circular velocity O = (2T/m)^/^ and the density 
profile p{r) = 6*^/(47rr^). Its total energy per particle is the sum of gravitational 
and thermal energies, i.e.. 



E 



IM 

4~R 




Gombining (10), (11), and (12), we And 



( 12 ) 



02= (612,p„m2) 1/3(1 (13) 

5 

Taking l?d = 0.3, M = 2 x Ifli^M©, = 4, and /io = 0.65, we And O 
220kms^i, which corresponds to the mass-temperature ratio m/T 4 x 10®. 

Next, we briefly discuss the general-relativistic Thomas-Fermi theory [33] for 
a self-gravitating gas, consisting of N fermions of mass m in equilibrium at a 
temperature T, enclosed in a sphere of radius R. We denote by p, p, and n the 
pressure, energy density, and particle number density of the gas, respectively. 
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The metric generated by the mass distribution is static, spherically symmetric, 
and asymptotically flat, i.e., 

— (1 — 2M./r)^^dr^ — r^{d9‘^ + s\n9d4>^). (14) 



For numerical convenience, we introduce the parameter 



a 



t: 

T 



(15) 



and the substitution 

e = ^(F+ir'/', ( 16 ) 

m 

where fi, is the chemical potential associated with the conserved particle num- 
ber N . Using this, the equation of state for a self-gravitating ideal gas may be 
represented in a parametric form [38]: 



1 

n = ^ 

7T^ 


L '^^1 + exp{[(y2 + i)i/2/(^_p 1 ) 1/2 _ i]q,}> 


(17) 
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r , + 1)'/' 

lo ^1 + exp{[(i/2 -p l)V2/(^-p 1 ) 1/2 _ i]q,|> 


(18) 




r y4(y2^1)-l/2 

Jo ^ 1 + exp{[(y2 + 1 ) V2/(^ -p 1 ) 1/2 _ i]q,} ' 


(19) 



We have chosen appropriate length and mass scales a and b, respectively, such 



that 




or, restoring h, c, and G, we have 



a 



2 hAlpi 
g cm? 



1.0798 X 10 




b 



2 Mgi 

g m? 



0.7251 X 10^° 



2 

9 



15keV 

m 



2 

km. 



15keV 

m 



2 



Mo. 



( 20 ) 

( 21 ) 

( 22 ) 



Here, Mpi = \JhcjG denotes the Planck mass and g the combined spin-degeneracy 
factor of neutral fermions and antifermions, i.e., g=2 or 4 for Majorana or Dirac 
fermions, respectively. In this way, the fermion mass, the degeneracy factor, and 
the chemical potential are eliminated from the equation of state. 

Einstein’s held equations for the metric (14) are given by 



dg} 

dr 



—2{g + 1 ) 



A4 + 47rr®p 
r(r — 2A4) ’ 



(23) 



dM 

dr 



p. 



(24) 
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To these two equations we add 

= 47rr^(l — 2A4/r)^^/^n, (25) 

dr 

imposing the particle-number constraint as a condition at the boundary 



Af{R) = N. 



(26) 



Equations (23)- (25) should be integrated using the boundary conditions at the 
origin: 

y-(0)=^o>-l; M(0)=0; AT(0) = 0. (27) 

It is useful to introduce the degeneracy parameter rj = aifj'Z, which, in 
the Newtonian limit, approaches = (p-nr — y)!T . Here, we have introduced 
the nonrelativistic chemical potential = q — m, with qni “C rn, and the 
approximation ^ ~ 1 + V/m, with V being the Newtonian potential. 

As (f is monotonously decreasing with increasing r, the strongest degeneracy is 
obtained at the center with qo = aipojZ. The parameter qo, uniquely related to 
the central density and pressure, will eventually be fixed by the requirement (26). 
For r > R, the function yields the usual empty-space Schwarzschild solution 



y-(r) 



( 2M 

rn? V 'T' 



1 , 



(28) 



with 

,.R 

M = A4{R) = / drATir-^ p{r). (29) 

Jo 

Given the temperature T, the set of self-consistency equations (17)-(25), with 
the boundary conditions (26)-(29) defines the general-relativistic Thomas-Fermi 
equation. 

The numerical procedure is now straightforward. For a fixed, arbitrarily cho- 
sen a, we first integrate (23) and (24) numerically on the interval [0, R] and find 
solutions for various central values qo. Integrating (25) simultaneously, we obtain 
J\f{R) as a function of qo- We then select the value of qo for which J\f{R) = N. 
The chemical potential q corresponding to this particular solution is given by 
(28). If we now eliminate q using (15), we finally get the parametric dependence 
on temperature through a. 

The quantities W, T, and, R are free parameters in our model and their 
range and choice are dictated by physics. At T = 0 the number of fermions N is 
restricted by the OV limit Aqv = 2.89x 10^ y/2/ g{lb\eV /m)‘^ Mco/rn. However, 
at nonzero temperature, stable solutions exist with N > AqV) depending on 
temperature and radius. In the following, N is required to be of the order 2 x 
lO^^Mo/m, so that for any m, the total mass is close to the estimated mass of 
the halo [39] . As we have demonstrated, the expected particle mass-temperature 
ratio of the halo is given by a m/T = 4 x 10*^. The halo radius R is in principle 
unlimited; in practice, however, it should not exceed half the average intergalactic 
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distance. It is known that an isothermal configuration has no natural boundary, 
in contrast to the degenerate case of zero temperature, where for given N (up 
to the OV limit) the radius R is naturally fixed by the condition of vanishing 
pressure and density. At nonzero temperature, with R being unbounded, our 
gas would occupy the entire space, and fixing N would make p and p vanish 
everywhere. Conversely, if we do not fix N and integrate the equations on the 
interval [0, oo), both M and TV will diverge at infinity for T > 0. Thus, one is 
forced to introduce a cutoff. In an isothermal model of a similar kind [40], the 
cutoff was set at the radius i?, where the energy density was by about six orders 
of magnitude smaller than the central value. Our choice of i? = 200 kpc is based 
on the estimated size of the Galactic halo. The only remaining free parameters 
of our model are the fermion mass m and the degeneracy factor g, which always 
appear in the combination m'^gr. We fix these parameters at m = 15 keV and 
g = 2, and justify this choice a posteriori. 

We now present the results of the calculations for fixed particle number 
and temperatures near the point of gravothermal collapse. In Fig. 1 the energy 
per particle defined a,s E = M/N — m is plotted as a function of tempera- 
ture for fixed TV = 2 x lO^^TlfQ/m. The plot looks very much like that of a 
canonical Maxwell-Boltzmann ensemble [36], with one important difference: in 
the Maxwell-Boltzmann case, the curve continues to spiral inwards ad infini- 
tum approaching the point of the singular isothermal sphere, that is character- 
ized by an infinite central density. In the Fermi-Dirac case, the spiral consists 
of two, almost identical curves. The inwards winding of the spiral begins for 
some negative central degeneracy and stops at the point T = 2.3923 x lO^^m, 
E = —1.1964 X lO^^m, where go becomes zero. This part of the curve, which 




Fig. 1. Energy (shifted by 12 X 10 ®m) versus temperature (shifted by —24 X 10 ®m), 
both in units of 10“^'^m, for fixed N = 2 x IO^^TWq/to. 
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Fig. 2. Number of particles versus central degeneracy parameter for m/T = 4 X 10® 
(solid), 3.5 X 10® (short dashs), 4.5 x 10® (long dashs), and 5 x 10® (dot-dashed line). 



basically depicts the behavior of a nondegenerate gas, we call the Maxwell- 
Boltzmann branch. By increasing the central degeneracy parameter further to 
positive values, the spiral begins to unwind outwards very close to the inwards 
winding curve. The outwards winding curve will eventually depart from the 
Maxwell-Boltzmann branch for temperatures T gt 10“^m. Further increase of 
the central degeneracy parameter brings us to a region where general-relativistic 
effects become important. The curve will exhibit another spiral for temperatures 
and energies of the order of a few lO^^m approaching the limiting temperature 
Too = 2.4 X 10^®m and energy Eoo = 3.6 x 10^®m, with both the central de- 
generacy parameter and the central density approaching infinite values. It is 
remarkable that gravitationally stable configurations with arbitrary large cen- 
tral degeneracy parameters exist at finite temperature even though the total 
mass exceeds the OV limit by several orders of magnitude. 

The results of the numerical integration of (23) and (24), without restricting 
N, are presented in Fig. 2, where we plot the particle number as a function of 
the central degeneracy parameter rjo for several values of a close to 4 x 10® . h'or 
fixed N, there is a range of a, where the Thomas-Fermi equation has multiple 
solutions. For example, for N = 2x 10^^ and a = 4 x 10® six solutions are found, 
which are denoted by (1), (2), (3), (3’), (2’), and (F), corresponding to the val- 
ues 'rjo = -30.528, -25.354, -22.390, 29.284, 33.380, and 40.479, respectively. In 
Fig. 3 we plot the corresponding density profiles. For negative central value rfo, 
for which the degeneracy parameter is negative everywhere, the system behaves 
basically as a Maxwell-Boltzmann isothermal sphere. Positive values of the cen- 
tral degeneracy parameter rfo are characterized by a pronounced central core of 
mass of about 2.5 x 10® M© within a radius of about 20 mpc. The presence of this 
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Fig. 3. The density profile of the halo for a central degeneracy parameter rjo = 0 (dot- 
ted line) and for the six ? 7 o- values discussed in the text. Configurations with negative 
rjo ((f)-(3)) are depicted by the dashed and those with positive rjo ((l’)“(3’)) t>y the 
solid line. 



core is obviously due to the degeneracy pressure of the Fermi-Dirac statistics. 
A similar structure was obtained in collisionless stellar systems modeled as a 
nonrelativistic Fermi gas [41]. 

Figure 3 shows two important features. First, a galactic halo at a given 
temperature T may or may not have a central core, depending on whether the 
central degeneracy parameter ryo is positive or negative. As the potential is nearly 
harmonic up to about 1 to 10 kpc for negative ?/o, this may favor the formation 
of a barred galaxy. Second, the closer to zero is, the smaller the radius is at 
which the asymptotic behavior of the density begins. The flattening of the 
Galactic rotation curve begins in the range 1 r/kpc 10, hence the solution 
(3’) most likely describes the Galaxy’s halo. This may be verified by calculating 
the rotational curves in our model. We know already from our estimate (13) that 
our model yields the correct asymptotic circular velocity of 220 km/s. In order 
to make a more realistic comparison with the observed Galactic rotation curve, 
we must include two additional matter components: the bulge and the disk. The 
bulge is modeled as a spherically symmetric matter distribution of the form [42] 



^—hs poo ^—hsu 

Jo ‘^“[(m + 1)8-1]V2 ’ 



(30) 



where s = (r/ro)^/*^, ro is the effective radius of the bulge and /i is a parameter. 
We adopt ro = 2.67 kpc and h yielding the bulge mass Mb = 1.5 x lO^'^M© [43]. 
In Fig. 4 the mass of halo and bulge enclosed within a given radius is plotted 
for various rjo- Here, the gravitational backreaction of the bulge on the fermionic 
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Fig. 4. Enclosed mass of halo plus bulge versus radius for 170 = 24 (dashed), 28 (solid), 
and 32 (dot-dashed line). 



halo has been taken into account. The data points, indicated by squares, are the 
mass Me = 2.6 x lO^M© within 18 mpe, estimated from the motion of the stars 
near Sgr A* [44], and the mass M50 = x 10^^ within 50 kpc, estimated 

from the motions of satellite galaxies and globular clusters [39] . Variation of the 
central degeneracy parameter between 24 and 32 does not change the essential 
halo features. 

In Fig. 5 we plot the circular velocity components of the halo, the bulge, and 
the disk. The contribution of the disk is modeled as [45] 



6»d(r)2 = 6»d(ro 



1.97(r/r 



\ 1.22 



[(r/ro)2 +0J82] 



1.43 



(31) 



where we have taken Tq = 13.5 kpc and 6*d = 100 km/s. Here it is assumed for 
simplicity that the disk does not influence the mass distribution of the bulge 
and the halo. Choosing the central degeneracy = 28 for the halo, the data by 
Merrifleld and Oiling [46] are reasonably well fitted. 

We now turn to the discussion of our choice of the fermion mass m = 15 keV 
for the degeneracy factor g = 2. To that end, we investigate how the mass of the 
central object, i.e., the mass Me within 18 mpe, depends on m in the interval 5 
to 25 keV, for various r/o- We And that m 15 keV always gives the maximal 
value of Me ranging between 1.7 and 2.3 xlO®M© for between 20 and 28. 

Hence, with m 15 keV we get the value closest to the mass of the central 
object Me estimated from the motion of the stars near Sgr A* [44]. 
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Fig. 5. Fit to the rotation curve of the Galaxy. The data points are from [46] for 
R() = 8.5 kpc and 6>o = 220 km/s. 



5 Conclusions 

In summary, using the Thomas-Fermi theory, we have shown that a weakly 
interacting fermionic gas at finite temperature yields a mass distribution that 
successfully describes both the center and the halo of the Galaxy. For a fermion 
mass m 15 keV, a reasonable fit to the rotation curve is achieved with the 
temperature T = 3.75 meV and the central degeneracy parameter rjo = 28. 
With the same parameters, we obtain the mass Also = 5.04 x lO^^M© and 
M 200 = 2.04 X lO^^M© within 50 and 200 kpc, respectively. These values agree 
quite well with the mass estimates based on the motions of satellite galaxies 
and globular clusters [39]. Moreover, the mass of — 2.27 x 10®M©, enclosed 
within 18 mpc, agrees reasonably well with the observations of motion of stars 
near the compact dark object at the center of the Galaxy. 



Acknowledgement 

We thank P. Salucci for valuable discussions and comments. We are grateful to 
M.R. Merrifield and R.P. Oiling for sending us the Galactic rotation curve. This 
research is in part supported by the Foundation of Fundamental Research (FFR) 
grant number PHY99-01241 and the Research Gommittee of the University of 
Gape Town. The work of N.B. is supported in part by the Ministry of Science 
and Technology of the Republic of Groatia under Gontract No. 0098002. 

References 

f. S. Cole and C. Lacey, MNRAS 281, 716 (1996). 

2. M.A. Markov, Rhys. Lett. 10, 122 (1964). 

3. G. Marx and A.S. Szalay, in Neutrino ’72, 1, 191 (Technoinform, Budapest, 1972); 
R. Cowsik and J. McClelland, ApJ 180, 7 (1973); R. Ruffini, Lett. Nuovo Cim. 
29, 161 (1980). 





Dark Matter in the Galaxy 



37 



4. R.D. Viollier, D. Trautmann, and G.B. Tupper, Phys. Lett. B 306, 79 (1993); R.D. 
Viollier, Prog. Part. Nucl. Phys. 32, 51 (1994). 

5. N. Bilic, D. Tsiklauri, and R.D. Viollier, Prog. Part. Nucl. Phys. 40, 17 (1998). 

6. N. Bilic, F. Munyaneza, and R.D. Viollier, Phys. Rev. D 59, 024003 (1999). 

7. D. Tsiklauri, and R.D. Viollier, Astropart. Phys. 12, 199 (1999); F. Munyaneza 
and R.D. Viollier, astro-ph/9907318. 

8. F. Munyaneza, D. Tsiklauri, and R.D. Viollier, ApJ 509, L105 (1998); ibid. 526, 
744 (1999); F. Munyaneza and R.D. Viollier, ApJ 563, 0000 (2001). 

9. P. Bode, J.P. Ostriker, and N. Turok, ApJ 556, 93 (2001). 

10. E.W. Kolb and M.S. Turner, The Early Universe, (Addison- Wesley, San Francisco, 
1989). 

11. X. Shi and G.M. Fuller, Phys. Rev. Lett. 82, 2832 (1999); K. Abazajian, G.M. 
Fuller, and M. Patel, Phys. Rev. D 64, 023501 (2001), astro-ph/0101524; G.B. 
Tupper, R.J. Lindebaum, and R.D. Viollier, Mod. Phys. Lett. A 15, 1221 (2000). 

12. M. Drees and D. Wright, hep-ph/0006274. 

13. P. de Bernardis et al, Nature 404, 955 (2000). 

14. T. Goto and M. Yamaguchi, Phys. Lett. B 276, 123 (1992); L. Covi , J.E. Kim, 
and L. Roszkowski, Phys. Rev. Lett. 82, 4180 (1999); L. Covi , H.-B. Kim, J.E. 
Kim, and L. Roszkowski, hep-ph/0101009. 

15. M. Dine and A.E. Nelson, Phys. Rev. D 48, 1277 (1993); M. Dine, A.E. Nelson, 
and Y. Shirman, Phys. Rev. D 51, 1362 (1995); M. Dine, A.E. Nelson, Y. Mr, and 
Y. Shirman, Phys. Rev. D 53, 2658 (1996); D.H. Lyth, Phys. Lett. B 488, 417 
( 2000 ). 

16. H. Murayama, Phys. Rev. Lett. 79, 18 (1997); S. Dimopoulos et al, Nucl. Phys. 
B 510, 12 (1998); E.A. Baltz and H. Murayama, astro-ph/0108172. 

17. E.W. Kolb and M.S. Turner, in Review of Particle Physics, Eur. Phys. J. C 15, 1 

( 2000 ). 

18. S. Weinberg, “Gravitation and Cosmology” (Wiley, New York, 1972). 

19. C. Wetterich, Nucl. Phys. B 302, 668 (1988); P.J.E. Peebles and B. Ratra, ApJ 
325, L17 (1988); R. Caldwell, R. Dave, and P.J. Steinhardt, Phys. Rev. Lett. 80, 
1589 (1998); D. Huterer and M.S. Turner, Phys. Rev. D 60, 081301 (1999). 

20. A. Kamenshchik, U. Moschella, and V. Pasquier, Phys. Lett. B 511, 265 (2001). 

21. N. Bilic, G.B. Tupper, and R.D. Viollier, Phys. Lett. B 535, 17 (2002). 

22. Y. Bergner and R. Jackiw, Phys. Lett. A 284, 146 (2001); for a review see R. 
Jackiw, physics/0010042. 

23. M.S. Turner, Phys. World 9, No 9, 31 (1996). 

24. A.D. Dolgov, hep-ph/9910532; M. Srednicki, in Review of Particle Physics, Eur. 
Phys. J. C 15, 1 (2000); L. Bergstrom, Rep. Prog. Phys. 63, 793 (2000), hep- 
ph^002126. 

25. J.R. Primack, in Formation of Structure in the Univerese, eds. A. Dekel and J.P. 
Ostriker (Cambridge University Press, 1999), astro-ph/9707285. 

26. G.P. Giudice e al, Phys. Rev. D 64, 043512 (2001). 

27. A. Klypin et al., ApJ 554, 903 (2001). 

28. B. Moore et al., Phys. Rev. D in press, astro-ph/0106217. 

29. R. Buser, Science 287, 69 (2000). 

30. R. Mahadevan, Nature 394, 651 (1998). 

31. W. Thirring, Z. Physik 235, 339 (1970); P. Hertel, H. Narnhofer, and W. Thirring, 
Comm. Math. Phys. 28, 159 (1972); J. Messer, J. Math. Phys. 22, 2910 (1981). 

32. N. Bilic and R.D. Viollier, Phys. Lett. B 408, 75 (1997). 

33. N. Bilic and R.D. Viollier, Gen. Rel. Grav. 31, 1105 (1999); Eur. Phys. J. C 11, 
173 (1999). 




38 



Neven Bilic, Gary B. Tupper, and Raoul D. Viollier 



34. J.R. Oppenheimer and G.M. Volkoff, Rhys. Rev. 55 , 374 (1939). 

35. D. Lynden-Bell, MNRAS 136, 101 (1967). 

36. J. Binney and S. Tremaine, Galactic Dynamics (Princeton University Press, Prince- 
ton, New Jersey, 1987), and references cited therein. 

37. T. Padmanabhan, Structure formation in the Universe (Cambridge University 
Press, Cambridge, 1993). 

38. J. Ehlers, in Relativity, Astrophysics and Cosmology, edited by W. Israel (D. Reidel 
Publishing Company, Dordrecht/Boston 1973) 

39. M.i. Wilkinson and N.W. Evans, MNRAS 310 , 645 (1999). 

40. W.Y. Chau, K. Lake, and J. Stone, ApJ 281, 560 (1984). 

41. P.-H. Chavanis and J. Sommeria, MNRAS 296, 569 (1998). 

42. P.J. Young, ApJ 81 , 807 (1976); G. de Vaucouleurs and W.D. Pence, ApJ 83 , 1163 
(1978). 

43. RD. Sackett, ApJ 483, 103 (1997). 

44. A. Eckart and R. Genzel, MNRAS 284 , 576 (1997); A.M. Ghez, B.L. Klein, M. 
Morris, and E.E. Becklin, ApJ 509 , 678 (1998). 

45. M. Persic, P. Salucci, and P. Stell, MNRAS 281 , 27 (1986). 

46. R.P. Oiling and M.R. Merrifield, MNRAS 311 , 361 (2000). 




Neutrino Masses in GUTs 
and Baryon Asymmetry 



Wilfried Buchiniiller 

Deutsches Elektronen-Synchrotron DESY, 22603 Hamburg, Germany 



Abstract. We discuss the implications of large neutrino mixings for grand unified 
theories based on the seesaw mechanism. In SU(5) GUTs large mixings can be acco- 
modated by means of U {!)},• flavour symmetries. In these models the heavy Majorana 
neutrinos are essentially decoupled from low energy neutrino physics. On the contrary 
in SO(fO) GUTs large neutrino mixings severely constrain the mass spectrum of the 
heavy Majorana neutrinos. This leads to predictions for a variety of observables in 
neutrino physics as well as for the cosmological baryon asymmetry. 



1 Status of Neutrino Mixing 

Recent results from the Sudbury Neutrino Observatory[l] and from the Super- 
Kamiokande experiment [2] provide further evidence for neutrino oscillations as 
the solution of the solar neutrino problem. Neutrino oscillations can also account 
for the atmospheric neutrino anomaly [3, 4]. It is remarkable that a consistent 
picture can be obtained with just three neutrinos, i/e, ryi and undergoing 
‘nearest neighbour’ oscillations, i/e tu and yy iz-r- 

For massive neutrinos a mixing matrix U appears in the leptonic charged 
current, 

w- + ... , ( 1 ) 

^ a,i 

where and iy are mass eigenstates. In the case of three neutrinos, one for each 
generation, U is a unitary matrix. 

The experimental results on the i/g deficit in the solar neutrino flux favour 
the LMA or LOW solutions [5] of the MSW conversion with large mixing angle. 
A large mixing also fits the atmospheric neutrino oscillations. As a result, the 
leptonic mixing matrix Ucd appears to be very different from the familiar CKM 
quark mixing matrix Vcd- The emerging pattern is rather simple [6], 

( * * o\ 

>1= >1= y I . (2) 

^ ^ * I 

Here the denotes matrix elements whose value is consistent with the range 
0.5 . . . 0.8, whereas for the matrix element ‘o’ only an upper bound exits, \Uf,-j,\ < 
0.16. The neutrino masses may be hierarchical or quasi-degenerate. Note, how- 
ever, that a possible hierarchy has to be much weaker than the known mass 
hierarchy of quarks and charged leptons. 
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Several interesting phenomenological schemes have been suggested, such as 
‘bi-maximal’ or ‘democratic’ mixing, which describe the pattern (2) rather well[7]. 
Is is unclear, however, how these schemes are related to a more fundamental the- 
ory. We shall therefore focus on the question how large neutrino mixings can be 
obtained in a grand unified theory based on the gauge groups SU(5) or SO(fO). 
In both cases we shall rely on the seesaw mechanism which naturally explains the 
smallness of light Majorana neutrino masses mi, by the largeness of right-handed 
neutrino masses M[8], 



m,y ~ —mo 



M 



'-D 



( 3 ) 



where mjj is the Dirac neutrino mass matrix. In unified theories mu is related 
to the quark and charged lepton mass matrices. Since they have a large hierar- 
chy, the almost non-hierarchical structure of the leptonic mixing matrix is very 
surprising and requires some explanation. In the following we shall discuss two 
qualitatively different examples based on the GUT groups SU(5) and SO(IO), 
respectively, which illustrate present attempts to solve the puzzle of the large 
neutrino mixings. 



2 Models with SU(5) 



In the simplest GUT based on the gauge group SU(5)[9] quarks and leptons 
are grouped into the multiplets 10 = (</l, m'r, e'^), 5 * = (d'^, ^l) and 1 = i/r. 
Hence, unlike the gauge fields, quarks and leptons are not unified in a single 
irreducible representation. In particular, the right-handed neutrinos are gauge 
singlets and can therefore have Majorana masses not generated by spontaneous 
s}unmetry breaking. In addition one has three Yukawa interactions, which couple 
the fermions to the Higgs fields idi(5) and H2{5*), 

C = d„ijl0il0jffi(5) + + Mijlilj . (4) 



The mass matrices of up-quarks, down-quarks, charged leptons and the Dirac 
neutrino mass matrix are given by m„ = d„wi, md = hdV 2 , me = nid and 
'm-D = hjjVi, respectively, with vi = {H)-^ and V 2 = {U) 2 - The Majorana masses 
M are independent of the Higgs mechanism and can therefore be much larger 
than the electroweak scale v. 

An attractive framework to explain the observed mass hierarchies of quarks 
and charged leptons is the Proggatt-Nielsen mechanism[10] based on a sponta- 
neously broken U(l)j? generation symmetry. The Yukawa couplings are assumed 
to arise from non-renormalizable interactions after a gauge singlet field T ac- 
quires a vacuum expectation value. 



h ■ ■ 



9ij 



{fl 

A 



Qi+Qj 



( 5 ) 



Here gij are couplings 0{\) and Qi are the U(1 )f charges of the various fermions, 
with Qr = —1. The interaction scale A is usually chosen to be very large, 
A > Agut- 
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Table 1. Lopsided U(l)},' charges of SU( 5 ) multiplets. From [If]- 



ifi 


1O3 


IO 2 lOi 


^3 ^2 I 2 ll 


Qi 


0 


1 2 


a aa-|-lb c d 



The symmetry group SU(5)xU(l)ir has been considered by a number of au- 
thors. Particularly interesting is the case with a ‘lopsided’ family structure where 
the chiral U(l)ir charges are different for the 5*-plets and the 10-plets of the same 
family[ll,12,13]. Note, that such lopsided charge assignments are not consistent 
with the embedding into a higher-dimensional gauge group, like SO(10)xU(l)ir 
or E6xU(l)ir. An example of phenomenologically allowed lopsided charges Qi is 
given in Table 1. 

This charge assignement determines the structure of the Yukawa matrices, 

e-g-, 

he = ^ e e 

\e 1 1 

where the parameter e = {fF) j A controls the flavour mixing, and coefficients 
0(1) are unknown. The corresponding mass hierarchies for up-quarks, down- 
quarks and charged leptons are 

mt : me ; m„ 22 1 : , (7) 

rrib : rtis : nid = m-r : 111 ^ : me 22 1 : e ; e® . (8) 

The differences between the observed down-quark mass hierarchy and the charged 
lepton mass hierarchy can be accounted for by introducing additional Higgs 
fields[15]. Prom a fit to the running quark and lepton masses at the GUT scale 
one obtains for the flavour mixing parameter e 22 0.06. 

The light neutrino mass matrix is obtained from the seesaw formula, 

F e e\ 

elf. (9) 

ell) 

Note, that the structure of this matrix is determined by the U(l)j? charges of 
the 5*-plets only. It is independent of the U(l)j? charges of the right-handed 
neutrinos. 

Since all elements of the 2-3 submatrix of (9) are Oil), one naturally obtains a 
large — Vr mixing angle 6*23[11,12]. At first sight one may expect that 6*12 = 
0(e), which would correspond to the SMA solution of the MSW conversion. 
However, one can also have a large mixing angle 6*12 if the determinent of the 
2-3 submatrix of m^, is 0)e)\lQ]. Choosing the coefficients 0(1) randomly, in the 
spirit of ‘flavour anarchy’[17], the SMA and the LMA solutions are about equally 
probable for e 22 0.1 [18]. The corresponding neutrino masses are consistent with 
m2 5 X 10^® eV and m3 5 x 10^^ eV. We conclude that the neutrino mass 



-mp-m^ 
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matrix (9) naturally yields a large angle 6*23, with 6*12 large or small. In order 
to have maximal mixings the coefficients 0(1) have to obey special relations. 

The model can also explain the cosmological baryon asymmetry via leptogenesis[19] 
for an appropriate choice of the parameters in table f[14]. The mass of the heav- 
iest Majorana neutrino is 



My - ^ 10^® GeV , (10) 

rriy 

where rn^ = 10^^ eV. The special choice a = 6 = 0, c=l, d=2 

yields the scenario of [20] where B — L is broken at the GUT scale. 

For the GP asymmetry in the decays of the heavy neutrinos N -^ , 



r{Ni -^ih 2)~ r{Ni Ff ) 

r(Fi ^ / F2) + r{N^ ^ B HP,) ’ 



one has in the case Mi < M2_3, 



( 11 ) 



Ml 






IStt ( hi 



{hlh, 






Im {hlK^hlh)}j 



11 



2(a+(f) 

IGtt 



( 12 ) 



Successful baryogenesis requires a + d = 2. With e 0.1 the corresponding 
GP asymmetry is £i 10^®. The baryogenesis temperature is then Tb 
Ml e'^My 10^° GeV. The effective neutrino mass which controls the out- 
of-equilibrium condition of the decaying heavy Majorana neutrino is given by 
mi = {mljjmB>)ii/Mi 10^^ eV. 

Thermal leptogenesis leads to the baryon asymmetry[21] 



Yb 



n-B - n-^ 
s 



£1 

KCs— , 

g* 



(13) 



where ub and s are baryon number and entropy densities, respectively; g^, 100 

is the number of degrees of freedom in the plasma of the early universe and 
cs = C>(1) is the conversion factor from lepton asymmetry to baryon asymmetry 
due to sphaleron processes. Washout processes are accounted for by k < 1, which 
can be computed by solving the full Boltzmann equations [22,23]. The resulting 
baryon asymmetry then reads 



Tb - K 10^* . (14) 

With K ^ 0.1 . . .0.01 this is indeed the correct order of magnitude in accord 
with observation, Yb — (0.6 — 1) x 10^^°. 

The magnitude for the generated baryon asymmetry depends crucially on 
the parameters ei, mi and Mi. In the models with SU(5 )xU(1)b symmetry 
low energy neutrino physics is essentially decoupled from the heavy Majorana 
neutrinos and does not constrain the value of Mi . Hence, successful baryogenesis 
is consistent with the SU(5 )xU(1)b symmetry, but it cannot be considered a 
generic prediction. This is different in unified theories with larger gauge groups. 
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3 Models with SO(IO) 



The simplest grand unified theory which unifies one generation of quarks and 
leptons including the right-handed neutrino in a single irreducible representation 
is based on the gauge group SO (10) [24]. The quark and lepton mass matrices are 
obtained from the couplings of the fermion multiplet 16 = (</l, e'^, li^, vr) 

to the Higgs multiplets Hi(lO), t/2(10) and ^>(126), 

C = /i„ijl6il6yTri(10) + /rdijl6il6yF2(10) + /rAriil6il6y<l>(126) . (15) 



Here we have assumed that the two Higgs doublets of the standard model are 
contained in the two^ ten-plets Hi and Hi, respectively. This yields the quark 
mass matrices m„ = huVi, nid = hdV- 2 , with vi = {H)i and v -2 = {H) 2 , and the 
lepton mass matrices 

m-D = rriu , rrie = nid . (16) 

Contrary to SU(5) GUTs, the Dirac neutrino and the up-quark mass matrices 
are now related. Note, that all matrices are symmetric. The Majorana mass 
matrix M = hjy (^) is also generated by spontaneous symmetry breaking and a 
priori independent of m„ and nid. 

With nidj = m„ the seesaw mass relation becomes 



nil. 






(17) 



The large neutrino mixings now appear very puzzling, since the quark mass 
matrices are hierarchical and the quark mixings are small. It turns out, however, 
that because of the known properties of the up-quark mass matrix this puzzle can 
be resolved provided the heavy neutrino masses also obey a specific hierarchy. 
This then leads to predictions for a number of observables in neutrino physics 
including the cosmological baryon asymmetry. In the following we shall describe 
these implications of large neutrino mixings in SO(IO) GUTs following ref.[27]. 
The role of the heavy neutrino mass hierarchy for the light neutrino mixings has 
previously been discussed in different contexts [25]. 

Prom the phenomenology of weak decays we know that the quark matrices 
have approximately the form[28,29]. 



/ 0 0 \ 

'mu,d oc pe^ . (18) 

\ 0 pe^ ) 



Here e -C 1 is the parameter which determines the flavour mixing, and 

P=ld|e*“, ri=\p\H^ , (19) 

are complex parameters 0(1). We have chosen a ‘hierarchical’ basis, where off- 
diagonal matrix elements are small compared to the product of the correspond- 
ing eigenvalues, \niij\^ < 0{\niimj\). In contrast to the usual assumption of 

^ Note, that this is unavoidable in models with SO(IO) breaking by orbifold 
compactification [2 6] . 
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hermitian mass matrices [28, 29], SO(IO) invariance dictates the matrices to be 
s}mimetric. All parameters may take different values for up— and down— quarks. 
Typical choices for e are e„ = 0.07, = 0.21 [29]. The agreement with data can 

be improved by adding in the 1-3 element a term [30,31] which, however, is 
not important for the following analysis. Data also imply one product of phases 
to be ‘maximal’, i.e., A = 4>u — — 'd: 12. 

We do not know the structure of the Majorana mass matrix M = hj\f {<P) . 
However, in models with family symmetries it should be similar to the quark 
mass matrices, i.e., the structure should be independent of the Higgs held. In 
this case, one expects 

/ 0 Mr2 0 \ 

M = I Mi 2 M' 2'2 M23 1 , ( 20 ) 

y 0 M 23 M 33 J 

with M 12 <C M22 ^ M23. >C M 33 . M is diagonalized by a unitary matrix, 
= diag(Mi, M 2 , M 3 ). Using the seesaw formula one can now eval- 
uate the light neutrino mass matrix. Since the choice of the Majorana matrix 
ru-AT fixes a basis for the right-handed neutrinos the allowed phase redefinitions 
of the Dirac mass matrix mjj are restricted. In (18) the phases of all matrix 
elements have therefore been kept. 

The i/n-idr mixing angle is known to be large. This leads us to require niy. ^ = 
0(1) for i,j = 2,3. It is remarkable that this determines the hierarchy of the 
heavy Majorana mass matrix to be^ 



M 12 : M 22 : M 33 = e® : : 1 . (21) 

With M 33 ~ M 3 , M 22 = cre‘^M 3 , M 23 = ^ M 22 and M 12 = e®M 3 , one 

obtains for masses and mixings to order C?(e‘^), 



Ml - - — M3 , M2 - ae'^M 3 , 

(7 



( 22 ) 



U 



(N) 

12 



-U. 



(N) 

21 



- , u: 



(N) 



23 



0{e^) 



U- 



(N) 

13 



(23) 



Note, that a can always be chosen real whereas C is in general complex. This 
yields for the light neutrino mass matrix 



nil. 



0 


gg2*0 


0 \ 


2 


gg2*<^ 


-H 2pA‘f> 




n 


0 




g2iy j 


Ms 



(24) 



The complex parameter C does not enter because of the hierarchy. The matrix 
(24) has the same structure as the mass matrix (9) in the SU {5)x U{l)p model, 
except for additional texture zeroes. Since, as required, all elements of the 2-3 

^ We also note that this result is independent of the zeroes in the mass matrix (18) if 
its 1-3 element is smaller than e®, as required by data. 
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submatrix are 0(1), the mixing angle 6*23 is naturally large. A large mixing 
angle 6*12 can again occur in case of a small determinant of the 2-3 submatrix, 

{-a + 2pe-^‘^)e^^^ ~ rf ^ = 0{e) . (25) 



Such a condition can be fullfilled without fine tuning if <t, / 2 , ry = 0(1). It implies 
relations between the moduli as well as the phases of p and q. In the special 
case of a somewhat smaller mass of the second heavy neutrino, i.e., |<t| < jpl, 
the condition (25) becomes 

-/?- ^(<)>-a) , |?7p-2|/9|. (26) 

The mass matrix rtii, can again be diagonalized by a unitary matrix, • 

= diag(mi, m 2 , m 3 ). A straightforward calculation yields {sij = sinOjj, 
Cij = cosOij, C = e/(l + |?/| 2 )), 

/ 

[/(O = _c23Si2e®^'^+^^®^+'^^ C23Ci2e®('^+i^-®^+T') 5236®^'^+^^®^) , (27) 

V S23Sl2e®^T'+®^) -S23Cl2e®(T'+®^) C236®®^ / 

with the mixing angles, 

tan26»23 - ^ , tan26»i2 22 2v^l + . (28) 

Note, that the 1-3 element of the mixing matrix is small, u[^'^ = 0(e). The 
masses of the light neutrinos are 

e ^2 

mi - -tan^ 6 »i 2 m 2 , m 2 - ^ \rj\2)3/2 cot 6 >i 2 m 3 , m 3 - (1 + |? 7 p) ^ . 



(29) 



This corresponds to the weak hierarchy. 



mi ; m 2 : m 3 = e : e : 1 , (30) 

with m| ml ^ dm^i = m| — mf . Since e ^ 0.1, this pattern is consistent 
with the LMA solution of the solar neutrino problem, but not with the LOW 
solution. 

The large ryi-ry mixing has been obtained as consequence of the required 
very large mass hierarchy (22) of the heavy Majorana neutrinos. The large z/g- 
i/fj, mixing follows from the particular values of parameters 0{\). Hence, one 
expects two large mixing angles, but single maximal or bi-maximal mixing would 
require fine tuning. On the other hand, one definite prediction is the occurence 
of exactly one small matrix element, = 0(e). Note, that the obtained 

pattern of neutrino mixings is independent of the off-diagonal elements of the 
mass matrix M. For instance, replacing the texture (20) by a diagonal matrix, 
M = diag(Mi, M 2 , M 3 ), leads to the same pattern of neutrino mixings. 
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In order to calculate various observables in neutrino physics we need the 
leptonic mixing matrix 

(7 = (y(e)t(yM ^ (31) 

where is the charged lepton mixing matrix. In our framework we expect 
(y(e) ~ and also V = ~ for the CKM matrix since e„ < e^. 

This yields for the leptonic mixing matrix 

U - . (32) 

To leading order in the Cabibbo angle A ~ 0.2 we only need the off-diagonal 
elements = A = Since the matrix nid is complex, the Cabibbo angle 

is modified by phases, A = Aexp {*(<()(f — Off)}. The resulting leptonic mixing 
matrix is indeed of the wanted form (2) with all matrix elements C?(l), except 
t/l3, 

Ui 3 = - As23e'('^+^-’'^ = 0{\ e) ^ 0.1 , (33) 

which is close to the experimental limit. 

Let us now consider the CP violation in neutrino oscillations. Observable 
effects are controlled by the Jarlskog parameter J; [32] (cjj = ^ijk) 

Im{C„i%t/Ct/^J , (34) 



for which one finds 



Ji ~ AS12C12C23S23 sin (2(/3 -■4; + ^)+4>d-ad) . (35) 

In the case of a small mass difference dm^2 the CP asymmetry P{Vfi — ^ i/g) — 
-P(P/t Pe) is proportinal to d (cf. (25)). Hence, the dependence of J; on the 
angle 7 is not surprising. 

For large mixing, Cij 22 Sij 22 1/a/ 2, and in the special case (26) one obtains 
from the SO(IO) phase relation <f>—a = <(>„— «„ and (f>u — au—<t>d-\-c(d = Acd tt/2. 

For small 7 this corresponds to maximal CP violation, but without a deeper 
understanding of the fermion mass matrices this case is not singled out. Due to 
the large neutrino mixing angles, J; is much bigger than the Jarlskog parameter 
in the quark sector, Jq = C>(A®) 10^®, which may lead to observable effects at 

future neutrino factories [33]. 

According to the seesaw mechanism neutrinos are Majorana fermions. This 
can be directly tested in neutrinoless double /3-decay. The decay amplitude is 
proportional to the complex mass 

(m) = 

m3 . (37) 



1 
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With m 3 ~ \J 5 X 10^^ eV this yields (m) 10^® eV, more than two 

orders of magnitude below the present experimental upper bound [34]. 

Finally, consider again the baryon asymmetry which should eventually be 
related to the CP violation in neutrino oscillations and quark mixing. This pos- 
sibility has recently been discussed also in other contexts[35,36]. In the special 
case^ (26) one obtains for the CP asymmetry, 



£l ~ 



3 

IGtt 



e\ri? {l + \p\r 

a |?/|2 + |p|2 



sin(<)>„ - «„) 



(38) 



As expected ei depends only on phases of the up-quark matrix and not on 
the combination of up— and down— quark phases d which appears in the CKM 
matrix. In addition, the parameter a enters. Hence, the baryon asymmetry is not 
completely determined by properties of the quark matrices and the CP violation 
in the neutrino sector. 

Numerically, withe 0.1 onehasei 10^’^ , |Mi| (e®/|cr|)(l-|-|?7|2)n^/m3 
10® GeV and m-i (|?/|2 4- |p|2)/(o-(l -|- |?/|2))m3 10^2 gV. The baryon asym- 

metry is then given by 



Yb —K sign((r) sin (<)>„ — «„) x 10 ® 



(39) 



The parameters ei, M± and fhi are rather similar to those considered in the 
previous section. Hence, a solution of the Boltzmann equations can be expected 
to yield again a baryon asymmetry in accord with observation. 



4 Conclusions 

Large neutrino mixings, together with the known small quark mixings, have im- 
portant implications for the structure of GUTs. In SU(5) models this difference 
between the lepton and quark sectors can be explained by lopsided U(1 )f fam- 
ily symmetries. In these models the heavy Majorana neutrino masses are not 
constrained by low energy physics, i.e., light neutrino masses and mixings. Suc- 
cessful leptogenesis then depends on the choice of the heavy neutrino masses and 
is not a generic prediction of the theory. 

In SO(IO) models the implications of large neutrino mixings are much more 
stringent because of the connection between Dirac neutrino and up-quark mass 
matrices. It is remarkable that the requirement of large neutrino mixings deter- 
mines the relative magnitude of the heavy Majorana neutrino masses in terms 
of the known quark mass hierarchy. This leads to predictions for neutrino mix- 
ings and masses, CP violation in neutrino oscillations and neutrinoless double 
/3-decay. The predicted order of magnitude for the baryon asymmetry is in ac- 
cord with observation. It would be very interesting to relate directly the CP 
violation in the quark sector and in neutrino oscillations to the baryon asymme- 
try. This, however, will require a deeper unterstanding of the quark and lepton 
mass matrices. 

For the discussion of the general case, see ref. [27]. 
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Abstract. 1 review the current status of neutrino physics and summarize future 
prospects. 



1 Introduction 

With the explosion of new data, new experiments coming on line, new facilities 
being planned and dreamed about, it would seem that we are entering the era of 
the neutrino century. Here I will review recent progress in neutrino physics and 
look ahead to what we may expect with new neutrino detectors, proposals and 
plans for neutrino factories, neutrino telescopes, and the ties between neutrinos 
and cosmology. 



2 Neutrino Counting 



Since 1989, from SLC and LEP data on the invisible width of Z, we have known 
that the number of light, active neutrinos is 3 to an increasing accuracy (2.994 
± 0.012) [1]. These results put no restriction on the number of sterile C = 0 
neutrinos, however. 

In the standard hot big bang nucleosynthesis [2] , the neutron number gets 
frozen at a temperature T* when the inverse reactions e^p -p nv,, and vpp -p 
e+n, get suppressed and the n/p ratio is fixed at exp (— (m„ — mp))/T* . The 
temperature T* is governed by the reaction rate Fw being equal to the expansion 
rate T, yielding T* '^0.66 MeV. The fractional number of helium-4 nuclei is 



X = N{^ tie)/{p — n) = 



r/2 

p — n 



= 1/12 



and the mass fraction is 



Y 






4x 



M(iiPi) + M(4Fe) l + 4x 



1/4 



( 1 ) 

( 2 ) 



A more detailed treatment leads to Y=0.24 + 0.04. If the number of “neu- 
trinos” is increased and thus the number of degrees of freedom, then expansion 
rate increases and thus T* also rises. A higher T* leads to a higher n and higher 
Y; roughly 6Y 0.02(5Wj,. 
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Prom the observed helium-4 abundance, as well as those of other light ele- 
ments such and a bound on the number of light neutrinos of about 5 

can be derived [3]. This bound applies to sterile neutrinos which mix with active 
neutrinos as well as to other light degrees of freedom. 

3 Neutrino Mass 

Prom the study of the end point of Tritium beta decay, the limit on mass of Ve 
is[l] 

<"i eV (3) 

There are proposals for new experiments [4] which may make it possible to lower 
this to about 0.3 eV. The direct bounds on and are much weaker: 190 KeV 
for z/pi and 18 MeV for However, if z/g, and all mix with Sm'^ s suggested 
by the atmospheric and solar neutrino data then all of them will satisfy the above 
bound [5]. 

Por Majorana neutrinos, there are strong bounds from the lack of neutrinoless 



double beta decay: 




Z (Z + 2) + 


(4) 


The current bound from is [6] 




(”^^) = SiUli'mi < 0.6 eE 


(5) 



with a likely uncertainty, due to the nuclear matrix element, of about of factor 
of 2 to 3. Proposals for future large detectors can push these limits to 0.02 eV[7]. 
This gets to an interesting range since the Super-K atmospheric data suggest 
that at least one neutrino has a mass greater than 0.07 eV. 

4 Atmospheric Neutrinos 

The strongest evidence for neutrino oscillations comes from atmospheric neutrino 
data. The L and E dependence of the z/^s is given by 

-Pmm = 1 “ Ai^i^svn? {5'rv? L / AE) (6) 

where = svn?20 for the two flavor case. Prom the Super-K data[8], we have 
A^n Pi 1 and 5'm? n S.lO^^eP^. Prom the study of matter effects and neutral 
current events the favored scenario is Vr — Vr oscillations [9]. 

Explanations which do not involve conventional oscillations have been at- 
tempted. Amongst the various possibilities, the following fail to account [10] for 
all the data: (i) massless neutrinos with PCNC; (ii) massless neutrinos with vi- 
olation of equivalence principle or Lorentz invariance; (iii) decay with mixing 
and very large (5m^. In all these three cases, the reason that the inclusion of 
high energy upcoming muon events makes the fits poorer is very simple. The 
upcoming muons come from much higher energy v'^s and although there is some 
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suppression, it is less than what is observed for lower energy events at the same L 
(zenith angle). This is in accordance with expectations from conventional oscil- 
lations. The energy dependence in the above three scenarios is different and fails 
to account for the data. In the FCNC case there is no energy dependence and so 
the high energy v'^s should have been equally depleted, in the FV Gravity (or 
Lorentz invariance violation) at high energies the oscillations should average out 
to give uniform 50% suppression and in this decay scenario due to time dilation 
the decay is suppressed and there is hardly any depletion of v'^s. 

• Decay 

Consider the following decay possibility which does work [If]. The three 
states z/pt, z/t, i/g (where i/g is a sterile neutrino) are related to the mass eigenstates 
1 ^ 2 , <^ 3 ., by the approximate mixing matrix 

/ cos 9 sin 0 0 \ / \ 

I — sin0cos<?O ) I t's ) (7) 

Vo 0 1/ V^4/ 

and the decay is z /2 — ^ P 4 + J ■ The electron neutrino, which we identify with 
z/p cannot mix very much with the other three because of the more stringent 
bounds on its couplings, and thus our preferred solution for solar neutrinos would 
be small angle matter oscillations. 

In this case the in (6) is not related to the (5m24 in the decay, and can 
be very small, say < 10^*^ eV^ (to ensure that oscillations play no role in the 
atmospheric neutrinos). Then Piv^ — t zy^) is given: 

= {siv?9 \ cos^ 9exp{—aL/2E))'^ (8) 

The decay model of (8) above gives a very good fit to the Super-K data[9] 
with a minimum = 33.7 (32 d.o.f.) for the choice of parameters 

Ty/rriy = 63 km/GeV, cos^ 9 = 0.30 (9) 

and normalization j3 = 1.17. 

The best fits of the two models (viz. — v.^ oscillations and decay) are of 
comparable quality. The reason for the similarity of the results obtained in the 
two models can be understood by comparing the survival probability P(zyt — ^ i/^) 
of muon neutrinos as a function of L/E^, for the two models using the best fit 
parameters. 

In the case of the neutrino decay model the probability P{vn — ^ zyi) mono- 
tonically decreases from unity to an as}unptotic value sin*^ 0 22 0.49. In the case 
of oscillations the probability has a sinusoidal behaviour in L/Ei,. The two func- 
tional forms seem very different; however, taking into account the resolution in 
L/Ei,, the two forms are hardly distinguishable. In fact, in the large L/E^, region, 
the oscillations are averaged out and the survival probability there can be well 
approximated with 0.5 (for maximal mixing). In the region of small L/E^ both 
probabilities approach unity. In the region L/E^, around 400 km/GeV, where 
the probability for the neutrino oscillation model has the first minimum, the 
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two curves are most easily distinguishable, at least in principle. This oscillation 
dip, which is the real smoking gun for oscillations can be seen in Long Baseline 
experiments such as MINOS[12] and MONOLITH[13], 

• Decoherence 

There are several different possibilities that can give rise to decoherence of 
the neutrino beam. An obvious one is violation of quantum mechanics, others 
are unknown (flavor specific) new interactions with environment etc. Quantum 
gravity effects are also expected to lead to effective decoherence. 

The density matrix describing the neutrinos no longer satisfies the usual 
equation of motion but rather is modified to 

p= -i[H,p]+D{p) (10) 

Imposing reasonable conditions on D{p) it was shown by Lisi et al.[14] that 
the j/fj, survival probability has the form: 

‘ ‘ /' Lj^\ 

Pnn = cos‘^29 + sin^26 e cos I I . (11) 



where 7 is the decoherence parameter. If 5'm? is very small {6m?L/2E -C 1), 
this reduces to 

■PpiM ^ cos'^29 + sin? 29 e P (12) 

If 7 = a/E with a constant, then an excellent fit to the Super-K data can be 
obtained with 9 = n/4 and a ^ 7.10^® GeV/Km. (If 7 is a constant, no fit is 
possible and 7 can be bounded by 10^^^ GeV). The fits to Super-K data are 
shown in [14]. and they are as good as the decay or 1 /^ — Vr oscillations. The 
shape of as a function of L/E is very similar to the decay case. 

• Large Extra Dimensions 

Recently the possibility that SM singlets propagate in extra dimensions with 
relatively large radii has received some attention. In addition to the graviton, 
right handed neutrino is an obvious candidate to propagate in some extra di- 
mensions. The smallness of neutrino mass (for a Dirac neutrino) can be linked to 
this property of the right handed singlet neutrino. The implications for neutrino 
masses and oscillations in various scenarios have been discussed extensively. I 
focus on one particularly interesting possibility for atmospheric neutrinos raised 
by Barbieri et al [15]. The survival probability is given by 

P^^(L) =1 ]2 . (13) 



ML) = expMM"Ll2ER^) (14) 

where n runs over the tower of Kaluza-Klein states, are the eigenvalues 

of the mass-squared matrix and Uon{'^ ^^e the matrix elements of the 

diagonalizing unitary matrix. 

An excellent fit to the atmospheric neutrino data can be obtained with the 
following choice of parameters: 



ea = mM 3, l/R ^ lO-^eE, « 0.4. 



(15) 
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The fit to Super-K data is shown in [15] and obviously it is as good as oscillations. 
This case corresponds to oscillating into and a large number(about 25) 
of Kaluza-Klein states. Because of the mixing with a large number of closely 
spaced states, the dip in oscillations gets washed out and looks very much 
like the decay model. 

5 Solar Neutrinos 

The results of the four solar neutrino experiments [16] are summarized below; 

Detector R 

Homestake 0.33 ± 0.03 

GNO 0.51 ± 0.08 

SAGE 0.58 ± 0.07 

Super-Kamiokande 0.451 ± 0.016 

here R is the ratio of the observed rate compared to the rate expected using 
the SSM fluxes from BP2000[17]. There is energy dependence in the suppression 
which is driven mainly by the Homestake data. The large data sample of Super 
K has not shown any smoking gun evidence for oscillations yet: (i) no day night 
effect; (ii) no spectrum distortion; and (iii) no seasonal dependence. This allows 
one to rule out large parts of 5'm? — svn?20 parameter space and the allowed 
regions have become rather small: (i) the most favored region is LMA with 5'm? 
(0.5 — 2)10^*^ eV“^ and siv?29 0.7 — 0.9; (ii) SMA with 5m^ (0.5—1)10^® 

and siv?2d (0.2 — 1)10^^ and (iii) vacuum with (0.6 — 1)10^^^^ 

and s'i'r?20 1. When the SSM fluxes are relaxed, other solutions, in particular 

with 5'nr? as large as 10^® and large angles, are also allowed[18]. 

Alternative explanations in terms of FGNG or violation of equivalence prin- 
ciple are not yet ruled out [19]. The possibility of solar neutrinos decaying to 
account for the deficit is a very old idea[20]. With the current data, decay (even 
with mixing) is an unlikely scenario[21]. 

SNO[22] which will measure the reaction Vf,D — ^ pp via charged current 

and VeD -P map via neutral current has stated taking data. Even the cc reaction 
rate and spectrum measurement will be very useful in restricting the range of 
solutions. The neutral current will be a clear test of flavor conversion or a lack 
of it. The first results from the cc reaction were announced by SNO in June [23]. 
Already they provide very strong constraints. In particular, they establish the 
following (i) the neutrino fluxes from the Standard Solar Model are more or less 
current, (ii) the Homestate ^'^Cl results are current, (iii) the conversion of v'^s 
into other v's does take place, (iv) the conversion is not dominantly into sterile 
neutrinos, and (v) confirm that the LMA is the favored solution. 

In the near future BOREXINO[24] and KAMLAND[25] should be starting 
to take data. KAMLAND will be initially observing v'^s from nuclear reactors 
in Japan. The L/E happens to be just right for it to confirm or rule out the 
LMA solution for solar neutrinos. Borexino (and eventually KAMLAND as well) 
can detect the Be neutrino line and will be especially sensitive to seasonal 
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variations expected in the vacuum solution. These detectors are also able to 
measure possible conversion of Ve, to Vf, via transition magnetic dipole moment 
and large flavor mixing. Furthermore, by detecting z/g from the interior of the 
earth, which are supposed to come from decay of U and Th, one can distinguished 
between different geophysical profiles for U/Th distribution. 

Next generation of solar neutrino detectors include LENS[26] which promises 
to measure pp neutrinos in real time via the low threshold reaction ^ 

with a gamma ray tag. 

6 LSND 

The LSND detector [27] has observed z/g events in a z^ beam from /r+ decay 
p,+ — ^ e+z/gZ?u. The event rate corresponds to a fractional rate of 2.10^^. The 
KARMEN detector[28] does not see the effect and when the LSND data is inter- 
preted in terms of — z/g oscillations, a small amount of parameter space is left 
corresponding to 5'm? (0.4 — 2) and svn?29 10^^ to 10^®. In this case 

the solar neutrino oscillations have to be due to z/g — Vsteriie mixing and at least 
four neutrinos are needed. The Mini-BOONE experiment [29] under construction 
at Fermilab will test this possibility. 

Now this could be accounted for without oscillations provided that the con- 
ventional decay mode /r+ — ^ e+z/gZ/^t is accompanied by the rare mode /r+ — ^ 
e+z/gX at a level of a branching fraction of 2.10^®. 

Assuming X to be a single particle, what can X be? It is straightforward to 
rule out X as being (i) (too large a rate for Muonium-Antimuonium transition 
rate), (ii) z/g (too large a rate of FCNC decays of Z such as Z — ^ p,e + jj,e) 
and (hi) (too large a rate for FCNC decays of t such as r — ^ p,ee). The 
remaining possibilities for X are z/g, or Vsterile- Models with these features can 
be constructed [30]. 

Experimental tests to distinguish this rare decay possibility from the con- 
ventional oscillation explanation are easy to state. In the rare decay case, the 
rate is constant and shows no dependence on L or E. Furthermore, in this case, 
the LSND results can be correct and Mini-Boone will still not observe any effect 
since they use z/(^s from tt decay and not /r-decay! 

7 Three Flavor Mixing 

If we ignore LSND results then three flavors can account for all the neutrino 
data. Atmospheric neutrino results suggest large — Vt mixing and LMA and 
vacuum solutions for solar neutrinos suggest large z/g — mixing. A natural 
candidate for the MNS (Maki-Nakagawa-Sakata)[31] matrix is the class of nearly 
bi- maximal [32] matrices: 



Vbm 



1/V2 

1/2 

1/2 






-1/V2 e 

1/2 -I/a/2 

1/2 I/a/2 



(16) 
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Many questions remain even if this form is approximately valid: 

(i) how large is f/es or e? Is it exactly zero? (ii) is the matrix real or is there 
a CPV phase? If so, how large is it? 

We need to measure all the elements including the phase and all the Sm'^ 
more accurately. 

8 Theory Issues 

Theory has several tasks: (i) to explain the smallness of neutrino masses, (ii) to 
predict the Dirac or Majorana nature of the mass, (iii) to account for (predict?) 
the mass-mixing pattern. Are the masses nearly degenerate or hierarchical? 

The traditional explanation for the smallness has been the so-called see-saw 
mechanism, which suggests 

mjx = mjj, /M (17) 

with mp) « quark-lepton mass and M a heavy scale, which can be Mqut in 
Grand Unified theories or \/R where R = the size of an extra dimension. Al- 
though large mixing suggests near-degeneracy, most model-building leads to hi- 
erarchical spectra. 

The bottom line is that although there are many models, none are compelling 
or have the smell of truth! 

9 Neutrino Factories 

Muon storage rings could provide intense neutrino beams ('^ 10^® — 10^^ per 
year) that would yield thousands of charged-current neutrino interactions in 
a reasonably sized detector (10-50 kt) anywhere on Earth[33]. These neutrino 
factories would have pure neutrino beams from stored and Pg, from 

stored p,^) with 50% z/g or Pg components. Detection of wrong-sign muons (the 
muons with opposite sign to the charge current form the beam muon neutrino) 
would signal z/g — ^ factory with 2 x 10^° muons a year and a lOkt detector to 
resolve the issues raised above. 

The precision attainable in 5m^2 sin^ 2023. parameters through sur- 
vival measurements based on an = 30 GeV storage ring and a baseline of 
L=2800 km. This accuracy in measuring sin? 2023 would differentiate the bimax- 
imal model prediction of sin^ 2023 = 1 from others. 

There would be hundreds of tau-lepton events per year from 1 /^ — ^ n-r os- 
cillations; however, the signal of z/g — ^ would be difficult with the 2 x 10^^ 
luminosity. The wrong-sign muon event rates are approximately proportional to 
sin?29i3 and with sin?29r3 = 0.04 for a 10 kt detector at L=2900 km with an 
intensity of 2 x 10^'^ neutrinos, could be a few hundred. 

The observation of z/g — ^ appearance oscillations at baselines long enough 

to have significant matter effects will allow a determination of the sign of (5m|2 
and thus determine the pattern of the masses. 
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In optimizing and L for long-baseline experiments to find the sign of 
(5m32, L=732 km is too short (matter effects are small) and L=7332 km is too 
far (event rates are low). The sensitivity to determine the sign of 5m^2 improves 
linearly with There is a tradeoff between energy, detector size and muon 
beam intensity. The v^, — ^ sensitivity on sin^ 2023 for a fOkt detector can be 

as good as 10^®. 

It is found that a baseline of 30000 km is ideal for detecting CP violation 
and if we are fortunate enough to have the CPV phase not too small (> 20^) 
then it can be measured. 

More recently there has been a discussion [34] of upgraded neutrino beams 
(superbeams) requiring mega-watt proton drivers. With a multi-ton liquid ar- 
gon detector it may be possible to measure sm^ 20 i 3 down to a level of 0.01 
or better, although it is unlikely that an unambiguous signal for CP violation 
can be established. Superbeams with massive detectors would be a useful tool 
enroute to a neutrino factory, which would provide a further order of magnitude 
improvement in sensitivity. 

10 Cosmology and Neutrino Mass 

In the standard hot big bang model [2], the effective neutrino 
is 

» 1.9°iC 

The neutrino number density is 

u-j/ + n-p = 3/4(4/ll)n,2' 110/cc (19) 

per flavor. 

Furthermore, if N (< 3) families have mass m,, then the total neutrino energy 
density is 

= Nmy(ll0) eV I cc (20) 

and Qi, « ) eF/cc for a Hubble constant of 70 km/sec/Mpc. 

For example, for 3 degenerate i/'s of mass 0(eF),I?jx 0.06. From the 
Super-K results on atmospheric neutrinos, Q,, > 0.0015. Progressively stronger 
constraints on neutrino masses have been derived starting from the conservative 
bound < 1 which yields Nm^ < 47eF or < 16eF for 3 degenerate 
neutrinos. 

Prom the recent observations of red shifts of type lA Supernova and of 
CMB anisotropy (BOOMERANG and MAXIMA) a consensus about I? is emerg- 
ing [35]; namely Qa 0.7, £2]jm 0.25 and 0.04 to 0.06. From these, one 

may bound < f^DM leading to total mass in neutrinos bounded by about 
4 eV. Furthermore, the Sloan Digital Sky Survey (SDSS) [36] should measure 
the power spectrum of Large Scale Structure to a 1% accuracy. The presence of 
massive neutrinos tends to suppress the power at “smaller” scales and a bound 
can be obtained [37]: 

m,-0.33(^^y'' eF. (21) 



temperature now 



(18) 
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In the near future with the MAP and PLANCK data, neutrino masses as small 
as a fraction of eV ('^ 0.25 eV) can be probed. This compares very favorably 
with Laboratory experiments which hope to probe masses at a level of 0.3 eV 
(or less) in Tritium beta-decay and 0.05 eV in neutrino-less double beta decay 
(for Majorana neutrinos). 

11 Neutrinos from AGN’s and Neutrino Telescopes 

I make two optimistic assumptions. The first one is that distant neutrino sources 
(e.g. AGN’s and GRB’s) exist; and furthermore with detectable fluxes at high 
energies (upto and beyond PeV). The second one is that in the not too far 
future, very large volume, well instrumented detectors of sizes of order of KM3 
and beyond will exist and be operating; and furthermore will have (a) reasonably 
good energy resolution, (b) good angular resolution ('^ 1^?) and (c) low energy 
threshold ('^ 50 GeVl). 

For AGN’s the expectations are that they emit high energy i/'s; the total 
flux probably overtakes atmospheric i/-flux by ^ 0{TeV) and the most likely 
flavor mix is : Ve '■ Vr ^ '2, \ \ \ 0. 

• Vr Signature 

I'or a of energy above 2 PeV there is a characteristic “double bang” 
signature [38]. When interacts via charged current there is a hadronic shower 
(of energy Ei) with about 10^^ photons emitted; then the t travels about 90m 
(for Er ^ 1.8PeV) and when it decays (either to e’s or hadrons with 80 % 
probability) there is again a cascade (of energy E 2 ) with 2.10^^ photons emitted 
in Cerenkov light. The t track is minimum ionising and may emit 10® — 10^ 
photons; even if it is not resolvable, one can connect the two showers by speed 
of light and reconstruct the event. 

The backgrounds (after appropriate cuts) are very small. Hence such “dou- 
ble bang” events represent ^ Vr oscillations or i/i-emission at the source and 
in any case are extremely interesting. For signal events due to Vr^ one expects 
E 2 /E 1 > 2 on the average, and hence a cut of E 2 /E 1 > 1 removes many back- 
grounds; another cut on the distance D between the two bangs of P > 50m 
eliminates most of the punch-thru backgrounds. 

• Sensitivity to Oscillations 

The sensitivity to oscillation parameters depends on several factors. If indi- 
vidual AGN’s can be identified in z/s (say upto 100 Mpc or more) then Sm^ 
upto > 10^^®eV^ and mixing angles upto svn?29 > 0.05 can be probed. On the 
other hand, if the current indications from atmospheric neutrino results are es- 
tablished as due to flavor oscillations, then the oscillating term in the conversion 
formula: 

FafS = sin^29sin^ 

averages to 1/2 and one can only confirm the expected value of mixing. 

To proceed further let us assume: (i) initial fluxes are : z/e : zy- ~ 2 : 1 : 0; 
(ii) # z/ = //: z> (although this is not essential); (iii) all 5'm? ^ 10^^®eV^, 
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i.e. {si'n? {Sm?L/4E)) « 1/2; (iv) matter effects negligible at production (e.g. 
Ne.- = Ne.+ ) and no significant matter effects en- route (this is valid for 5'm? of 
current interest 10^^ — 10^®eV'^)[39];(v) atmospheric z/-anomaly caused by 

— Vt oscillations with 5m? B.lO^^eV^ and s\v? 29 > 0.6. In this case we 
expect z/pi : z/e ; z/r ~ 1 : 1 : 1 at earth. 

If should be stressed that this result viz. : z/g : — 1:1:1 depends cru- 

cially on the large — Vt mixing and is relatively insensitive to the mixing 
of zze[40]. For example, the wide variety of neutrino mixing matrices currently 
under consideration: (i) Bi-maximal mixing, (ii)Tri- maximal mixing, (iii) SMA 
(small angle MSW), (iv) Pritzsch-Xing mixing; all lead to the same result as 
long as the initial flavor mix is zyi : zzg : = 2 : 1 : e. Of course, if a source 

emits a universal flavor mix i.e z/^t : z/g : = 1 : 1 : 1, it remains unchanged by 

oscillations. 

Extra bonuses from observing the double-bang events are (i) the use of the 
zenith angle distribution to measure v^- cross section via attenuation and (ii) use 
of enormous light collection and good timing to get good vertex resolution and 
determine Vt direction to within a degree or so. Proposals to account for the 
highest energy cosmic rays include some[41] in which the neutrino cross-sections 
are enhanced at very high energies. Because of unitarity constraints, in the 2-20 
PeV range they can increase by almost an order of magnitude. Such scenarios 
can be possibly probed. 



12 Cosmology with Neutrinos 



We know from supernova studies that there are several effects of neutrino masses 
and mixings on the observation of neutrino bursts. A pulse spreads in time due 
to dispersion of velocities (from non- zero mass); a pulse separates into several 
pulses due to a neutrino of a given flavor being a mixture of different mass 
eigenstates and the original flavor composition can change due to mixing and 
oscillations. One can apply these considerations to neutrino pulses from sources 
which are at cosmological distances. Then the effects come to depend on cosmo- 
logical parameters. 

For example, the time difference [42] between two mass eigen-states which 
left at the same time is given by 
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where Ei are the energies observed at earth and z, H and q have the usual 
meanings. The spreading of a pulse of a given mass neutrino is given by [42] 
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Finally, the conversion probability for an emitted flavor a to become j3 at 
detection is given by 



At pz zj E[ 



1 



(3 + qo) 


1 


r 9 9 n 

m‘2 


2: 

2 


2 





(25) 




60 



Sandip Pakvasa 



where Ei are the energies observed at earth and z, H and q have the usual 
meanings. The spreading of a pulse of a given mass neutrino is given by [42] 



AtKiz/H 1 



(3 + qo) ^ 




(26) 



Finally, the conversion probability for an emitted flavor a to become f3 at 
detection is given by 

Pap = sin^29 siv?'4>l2 (27) 

where the phase <f> is [43] 
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The basic flight time factors are rather small, for eV neutrino masses and GeV 
energies. At aa 50 milliseconds at 1000 MPc. These time spreads and separation 
may be shorter than the times involved in the production process thus making 
them difficult to observe. 

As for flavor conversion, emitted i/'^s can get converted into i/!^s and thus 
produce a significant incoming flux of v'^s (which is essentially absent initially in 
most neutrino production scenarios). With the flavor mix of the incoming beam 
determined as discussed above. Pap and hence the phase <f> can be deduced by 
comparing to expected initial relative fluxes. Provided the phase <f>/2 is not too 
large (and sin^ (p/2 does not average to 1/2) one has sensitivity to the parameters 
z, qo, and H . 

With such measurements of At and </, one can potentially measure these 
cosmological parameters. This would be the first time that the red-shift or other 
cosmological parameters are measured for anything other than light. There is 
another advantage of using neutrinos. This is the fact that the initial flavor mix- 
ing only depends on microphysics and so the comparison is free from problems 
such as evolution or worries about standard candles etc. 



13 Detecting Relic Neutrinos 



In the standard hot Big Bang Model [2], the effective temperature today of 
relic neutrinos is 1.9^A; the number density per flavor is 110/cc (adding As 
and As); the average momentum is 5.2.10^*^ eV/c. The current density is 
3.10^^cm^^s^^ for massless neutrinos and 5.10®cm^^s^^for a neutrino mass of 
5. 10® The i/Q,-scattering cross section (at very low energies) for Dirac 

neutrinos for allowed transitions goes as 



^ OC 



a?g G], ml 

7T 



(29) 



where a,a = (3Z — A) for a = e and ag = {A — Z) for a = /r or t. Many 
early proposals to detect relic neutrinos by reflection or coherent effects turned 
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out to be incorrect. There are three methods which some day may prove to be 
practical. 

The first is a 1975 proposal due to Stodolsky[44]. The idea needs neutrino 
asymmetry i.e. excess of v (or v) over v (or v) in order to work. Then a polarized 
electron moving in a background of CMB neutrinos can change its polarization 
due to the axial vector parity violating interaction. The effective interaction goes 
as 
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(30) 



With V 300 kms^^ and ^ 10^/cc this correspond to an energy of about 
10“^^ and leads to a rotation of the polarization of about 0.02” in a year. 
Can such small spin rotations can be detected? Certainly not at present, but 
technology may someday allow this. 

The second method is one suggested by Zeldovich and collaborators [45] . The 
idea is to take advantage of momentum transfer in neutrino-nucleus scattering. 
Consider an object made up of small spheres of radius a A (neutrino wave- 
length) packed loosely with pore sizes also of the same size, (to avoid destructive 
interference). If the number of atoms in the target is then the effective 
coherent cross-section is 

CF = CFolN\ (31) 



where is as given in (10). Assuming total reflection, momentum transfer is 



Ap = 2m^ 



(32) 



and the force / = j^^aAp is given by 
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The most optimistic estimates are obtained by assuming some clustering {rii, 
10^/cc), 0(eC), 10^cms^\ p 2^gmjcc\ leading to 
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Such accelerations are at least ten orders of magnitude removed from current 
sensibility and possible detection remains far in future [46]. Incidentally, this is 
based on having Dirac neutrinos; for Majorana neutrinos, one would need spin 
alignment in a macroscopic sample. 

The third possibility is the one proposed by Weiler in 1984 [47]. The basic 
idea is as follows. If neutrinos have masses in the eV range and there are sources 
of very high energy neutrinos at large distances, then the H.E. v can annihilate 
on the C.B.R. i? and make a on-shell at resonance creating an absorption 
dip in the neutrino spectrum. The threshold for Z production would be at E 
'vA^jZmu which is about 4.10^^ eV for an eV neutrino mass. This seemed like an 
unlikely possibility, since it required large neutrino fluxes at very high energies 
to see the neutrino spectrum and then the absorption dip. But all this changed 
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dramatically recently with the clear signal of cosmic rays beyond the GZK cut- 
off [48]. The GZK cut-off is the energy at which cosmic ray protons pass the 
threshold for pion production off the GMB photons. This is at an energy E ^ 
niT^mp/Ej ^ 6.10^^ eV. Above this energy, the mean free path of protons is 
less than 10 Mpc and hence these protons have to be “local” . The flux should 
then decrease dramatically since we believe the cosmic rays are not produced 
locally. Recently, what used to be hints of the cosmic ray signal extending beyond 
this cut-off, has become a clear signal [49]. The events are most likely due to 
primary protons. Then an explanation is called for. One intriguing proposal [50] 
is that these events are nothing but a signal for the Z’s produced by the vv ^ Z 
process with the protons coming from the subsequent Z decay! Of course, the 
original problem of needing sources of high energy neutrinos remains. If this 
explanation is valid, we have already seen (indirect) evidence for the existence 
of relic neutrinos. In principle, this proposal can be tested: (i) the events should 
point back at the neutrino sources; (ii) there is an eventual cut-off when the 

energy reaches the threshold energy for Z production, E 4.10^^ (^) 

(iii) y/p ratio should be large near threshold and (iv) the large i/-ffux should be 
eventually seen directly in large i/-telescopes. There is the bonus that the cut-off 
energy also measures the mass of the relic neutrinos! Thus neutrino telescopes 
can give existence proof of relic neutrinos as well as measure their mass. 

14 SETI with Neutrinos 

Yes, I do mean[51] search for extra-terrestrial intelligence. There is a school of 
thought that holds that this search in futile, pointless, and bound to yield null 
results. However, as has been pointed out, absence of evidence is not necessarily 
evidence of absence. 

Imagine that an advanced civilization exists in the galaxy, with many out- 
posts. It will need to maintain time standards over a long base line. In turn, this 
will require (i) stable clocks of high precision, (ii) fast processes for transmitting 
and receiving time markers and (iii) a form of radiation which will faithfully 
carry timing data over long distances. 

The need for clock synchronization stems from the fact that standard clocks 
have to exchange timing data to remain synchronized. This is in order to correct 
for general relativistic effects which depend on positions and motions of nearby 
massive objects. Furthermore, the presence of chaos in many body systems means 
that such corrections cannot be calculated indefinitely from initial data alone, 
so that the synchronization has to be done repeatedly. 

The requirements of a mobile, spread out civilization would suggest the use 
of isotropic synchronization signals. Other arguments suggest the same thing. 
Hence, even though it raises the required energy budget, this is the most likely 
scenario. 

The fastest known process is the decay with a lifetime of 2.5 x 
It also produces neutrinos of 45.6 GeV, satisfying the requirements of radiation 
which can carry information intact thru many obstacles. 
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If an advanced civilization is using this process to send timing signals, a 
neutrino telescope can detect some neutrino events at the energy of 45.6 GeV. 
If the source is a few kpc from us, then a KM3 water/ice c detector will detect 
a few events per year (all flavors in equal numbers). 

The ETI would have to overcome many technical problems to implement 
such a scheme. We have addressed some of them elsewhere [51]. The power re- 
quirements to give a few events per year in a KM3 detector at a distance of few 
kpc are huge; approximately the solar luminosity 10*^® eE/sec. This, of course, 
is their problem and we have to imagine that they have solved it. Is it possible 
that a technology radiating such huge amounts of power within a few kpc has 
escaped our detection? We speculate that this would correspond to a “Dyson 
shell.” Dyson had suggested that if an advanced civilization surrounds a star 
with a shell of material and uses heat engines to extract power, then the system 
would appear as an infra-red source. Since the IRAS data include over 50,000 
IR sources, some of these indeed could well be “Dyson shells” . 

These synchronization neutrino signals at E = Mz /2 are extremely distinc- 
tive in that they are not expected to occur naturally and are therefore unlikely 
to be mistaken for anything else. In view of the spectacular nature of the tim- 
ing signal and the enormous implications of its detection, we believe it is surely 
worth keeping watch for it. 

15 Conclusion 

It is obvious that this new century will bring many new and exciting rewards in 
neutrino physics, astrophysics and cosmology. We have to be prepared to receive 
them by building the right detectors as well as utilizing a wide variety of neutrino 
beams both artificial as well as natural. 
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Abstract. We review the most recent evidence for the amazing properties of the 
density distribution of the dark matter around spiral galaxies. Their rotation curves, 
coadded according to the galaxy luminosity, conform to an Universal profile which can 
be represented as the sum of an exponential thin disk term plus a spherical halo term 
with a flat density core. From dwarfs to giants, these halos feature a constant density 
region of size ro and core density po related by po = 4.5 x 10^^ (ro/kpc)^^'^®M©pc^®. 
At the highest masses po decreases exponentially with ro, revealing a lack of objects 
with disk masses > lO^^M© and central densities > 1.5 x 10^^ (ro/kpc)^®M©pc^® 
implying a maximum mass of ~ 2 x lO^^M© for a dark halo hosting a stellar disk. 
The fine structure of dark matter halos is obtained from the kinematics of a number of 
suitable low-luminosity disk galaxies. The halo circular velocity increases linearly with 
radius out to the edge of the stellar disk, implying a constant dark halo density over the 
entire disk region. The properties of halos around normal spirals provide substantial 
evidence of a discrepancy between the mass distributions predicted in the Cold Dark 
Matter scenario and those actually detected around galaxies. 



1 Introduction 

Rotation curves (RC’s) of disk galaxies are the best probe for dark matter (DM) 
on galactic scale. Notwithstanding the impressive amount of knowledge gathered 
in the past 20 years, only very recently we start to shed light to crucial aspects 
of the mass distribution of dark halos, including their radial density profile, 
and its claimed universality. On a cosmological side, high-resolution N-body 
simulations have shown that cold dark matter (CDM) halos achieve a specific 
equilibrium density profile [13 hereafter NFW, 5, 8 , 12, 9] characterized by one 
free parameter, e.g. the halo mass. In the inner region the DM halos density 
profiles show some scatter around an average profile which is characterized by a 
power-law cusp p r with 7 = 1 — 1.5 [13, 12, 2]. In detail, the DM density 
profile is: 

PNFw(r) = (1) 

(r/rs)(l + rIrsY 

where and p^ are respectively the characteristic inner radius and density. Let 
us define Tvir as the radius within which the mean density is times the 
mean universal density at the halo formation redshift, and the associated 
virial mass Mvir and velocity lAir = GMvir/rvir- Hereafter we assume the ACDM 
scenario, with = 0.3, = 0.7 and h = 0.75, so that Avir — 340 a.t z 2^0. By 
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assuming the concentration parameter as c = r\i^/rs the halo circular velocity 
Vnfw(j’) takes the form [2]: 

1/2 (r')—V‘^ ^ 7l(x) 

^NFWl' J A{c) X ^ 

where x = r/r-g and A{x) = ln(l + x) — x/(l + x). As the relation between 
Vyir and r-yir is fully specified by the background cosmology, the independent 
parameters characterizing the model reduce from three to two (c and r-g). Let 
us stress that a high density = 1 model, with a concentration parameter 
c > 12, is definitely unable to account for the observed galaxy kinematics [If], 
So far, due to the limited number of suitable RC’s and to the serious un- 
certainties in deriving the actual amount of luminous matter inside the inner 
regions of spirals, it has been difficult to investigate the internal structure of 
dark halos. These difficulties have been overcome by means of: 

i) a specific investigation of the Universal Rotation Curve [16], built by coadding 
1000 RC’s, in which we adopt a general halo mass distribution: 

2 

Vh,URci^) = ^opt (1 -/?)(! + / 2^, 21 

with x=r/ropt, o, the halo core radius in units of Xopt and f3={Vd^u Rc{ropt)/Vopt)'^ ■ 
R is important to remark that, out to Vopt, this mass model is neutral with re- 
spect to the halo profile. Indeed, by varying (3 and a, we can efficiently reproduce 
the maximum-disk, the solid-body, the no-halo, the all-halo, the CDM and the 
core-less-halo models. For instance, CDM halos with concentration parameter 
c = 5 and r-g = Vopt are well fit by (3) with a 0.33 

ii) a number of suitably selected individual RC’s [1], whose mass decomposition 
has been made adopting the cored Burkert-Borriello-Salucci (BBS) halo profile 
(see below). 

2 Dark Matter Properties 

from the Universal Rotation Curve 

The observational framework is the following: a) the mass in spirals is distributed 
according to the Inner Baryon Dominance (IBD) regime [16]: there is a character- 
istic transition radius tied — ‘2:rd{Vopt/‘2.2Q km/s)^-^ {vd is the disk scale-length 
and Vopt = Vir'opt)) according which, for r < rpED> the luminous matter to- 
tally accounts for the gravitating mass, whereas, for r > tied, the dark matter 
shows dynamically up and rapidly becomes the dominant component [20, 18, 1]. 
Then, although dark halo might extend down to the galaxy centers, it is only for 
r > Rib d that they give a non-negligible contribution to the circular velocity, b) 
DM is distributed in a different way with respect to any of the various baryonic 
components [16, 6], and c) HI contribution to the circular velocity at r < Vopt, 
is negligible [e.g. 17]. 
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2.1 Mass Modeling 

Persic, Salucci and Stel [16] have derived from 15000 velocity measurements 
of 1000 RC’s the synthetic rotation velocities of spirals Vgyniy^; ^), sorted 

by luminosity (Fig. 1, with Lj the /-band luminosity (Lj/L* = 

Remarkably, individual RC’s have a negligible variance with respect to their 
corresponding synthetic curves: spirals sweep a very narrow locus in the RC- 
profile/amplitude/luminosity space. In addition, kinematical properties of spirals 
do significantly change with galaxy luminosity [e.g. 16], then it is natural to relate 
their mass distribution with this quantity. The whole set of synthetic RC’s define 
the Universal Rotation Curve (URC), composed by the sum of two terms: a) an 
exponential thin disk with circular velocity (see [16]): 

^d,URc{^) = 1-28 (3 Vgpf- {IqKo — IiKi)\i,ex (4) 




Fig. 1. Synthetic rotation curves (filled circles with error bars) and URC (solid line) 
with the separate dark/luminous contributions (dotted fine: disks; dashed line: halos). 
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Fig. 2. a vs. /3 and /? vs. Vopt. 



and a spherical halo, whose velocity contribution is given by (3). At high lumi- 
nosities, the contribution from a bulge component has also been considered. 

The data (i.e. the synthetic curves Vsyn) select the actual model out of this 
family, by setting /3, a) + with a and (3 as 

free parameters. An extremely good fit occurs for a ~ 1.5(L//L*) [16] or, equiv- 
alently, for a = a{f3) and (3 = (3{\ogVopt) as plotted in Fig. 2. With these values 
the URC reproduces the data Vsynij) up to their rms (i.e. within 2%). Moreover, 
at fixed luminosity the a fitting uncertainties in a and j3 are lesser than 20%. 
The emerging picture is: i) smaller objects have more fractional amount of dark 
matter (inside ropt: M^,/MyR ~ 0.2 x IO^^Mq)'^-^® [20]), ii) dark mass 

increses with radius much more that linearly. 



2.2 Halo Density Profiles 

The above evidence calls for a quite specific DM density profile; we adopt the 
BBS halo mass distribution [3, 4, 1]: 



Pbbs(j’) 



do ^0 

(r + ro)(r2 +rl) 



(5) 



where po and tq are free parameters which represent the central DM density 
and the core radius. Of course, for tr -C rd, we recover a cuspy profile. Within 
spherical symmetry, the mass distribution is given by: 



MBBsir) =3 Mo {ln(l + r/ro) - arctan(r/ro) + 0.51n[l + (r/ro)^]} (6) 

Mo -1.6 po rl (7) 

with Mo the dark mass within the core. The halo contribution to the circular 
velocity is then: F|gg(r) = G Mbbs (?’)/?’• Although the dark matter “core” 
parameters ro, po and Mo are in principle independent, the observations reveal 
a quite strong correlation among them [e.g. 19]. Then, dark halos may be an 
1-parameter family, completely specified by e.g. their core mass Mo. When we 
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Fig. 3. up) Central halo density po (in g/cni®) vs. disk mass (in solar units) for normal 
spirals (^filled circles)] bottom) central density vs. core radii (in kpc) for normal spirals. 
The straight lines are from [3], whereas the curved lines are the best fits used in §4. 




test the disk+BBS velocities with po and ro left as free parameters, we find that, 
at any luminosity and out to 6 Vd, the model is indistinguishable from data 
(i.e. Vsyn{r)). More specifically, we reproduce the synthetic rotation curves at 
the level of their rms. The values of ro and po derived in this way agree with 
the extrapolation at high masses of the scaling law p oc [3] established 

for objects with much smaller core radii ro and stellar masses (see Fig. 3). Let 
us notice that the core radii are pretty large (ro ^ rj,)'. ever-rising halo RC’s 
cannot be excluded by the data. Moreover, spirals lie on the extrapolation of 
the disk-mass vs. central halo density relationship po oc found for dwarf 

galaxies [3], to indicate that the densest halos harbor the least massive disks (see 
Fig. 3). 

The curvature in po vs. rp at the highest masses/lowest densities can be linked 
to the existence of an upper mass limit in Mvir which is evident by the sudden 
decline of the baryonic mass function of disk galaxies at = 2 x10^^Mq [20]. 

In fact, such a limit implies a maximum halo mass of 

Then, for (6) and (7), Mvir = Mo, with p ~ 12 for (f?o, ,z) = (0.3, 0.03, 3), 

and the limiting halo mass implies a lack of objects with po > 4 x 10^^® g/cm® 
and ro > 30 kpc, as is evident in Fig. 3. On the other side, the observed deficit 
of objects with Md ^ and po > 4 x 10^^® g/cm®, suggests that, at 
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this mass scale, the total-to-baryonic density ratio nears the cosmological value 

- 10 . 



2.3 Testing CDM with the URC 

The BBS density profile reproduces in synthetic RC’s the DM halo contributions, 
at least out to two optical radii. This is in contradiction with CDM halo prop- 
erties according to which the velocity dispersion a of the dark matter particles 
decreases towards the center to reach <t — ^ 0 for r — ^ 0. Dark halos therefore, are 
not kinematically cold structures, but “warm” regions of sizes ro oc which, 
by the way, turn up quite large: ro 4 — 7 rd- Then, the boundary of the core 
region is well beyond the region of the stellar disk and there is not evidence that 
dark halos converge to a p (or a steeper) regime, as dictated by CDM 

predictions. 

3 Dark Matter Properties 

from Individual Rotation Curves 

Although deriving halo densities from individual RC’s is certainly complicated, 
the belief according to which one always gets ambiguous halo mass modeling 
[e.g. 22] is incorrect. In fact, this is true only for rotation curves of low spatial 
resolution, i.e. with less than 3 measures per exponential disk length-scale 
occurring in most HI RC’s. In this case, since the parameters of the galaxy 
structure are very sensitive to the shape of the rotation curve in the region 
0 < r < Vd, there are no sufficient data to constrain models. 

In the case of high-quality optical RC’s tens of independent measurements in 
the critical region make possible to infer the halo mass distribution. Moreover, 
since the dark component can be better traced when the disk contributes to 
the dynamics in a modest way, a convenient strategy leads to investigate DM- 
dominated objects, like dwarf and low surface brightness (LSB) galaxies. It is 
well known that for the latter [e.g. 7, 11, 3, 4, 9, 10, 21] the results are far from 
being definitive in that they are 1 ) affected by a quite low spatial resolution and 
2) uncertain, due to the limited amount of available kinematical data [e.g. 23]. 

Since most of the properties of cosmological halos are claimed universal, 
an useful strategy is to investigate a number of high-quality optical rotation 
curves of low luminosity late-type spirals, with /-band absolute magnitudes 
—21.4 < Md < —20.0 and 100 < Vopt < 170 km s^^. Objects in this luminos- 
ity/velocity range are DM dominated [e.g. 20] but their RC’s, measured at an 
angular resolution of 2", have an excellent spatial resolution of 100(14/10 Mpc) 
pc and Udata ropt/w independent measurements. For nearby galaxies: w ^rd 
and Udata > 25. Moreover, we select RC’s of bulge-less systems, so that the 
stellar disk is the only baryonic component for r <, Vd- 

In detail, we extract the best 9 rotation curves, from the ‘excellent’ subsample 
of 80 rotation curves of [15], which are all suitable for an accurate mass modeling. 
In fact, these RC’s trace properly the gravitational potential in that: 1) data 
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extend at least out to the optical radius, 2) they are smooth and symmetric, 3) 
they have small rms, Jf.) they have high spatial resolution and a homogeneous 
radial data coverage, i.e. about 30 — 100 data points homogeneously distributed 
with radius and between the two arms. The 9 extracted galaxies are of low 
luminosity (5 x 10® L© < Lj < 2 x 10^°L©; 100 < Vgpt < 170 km s^®) and 
their /-band surface luminosity profiles are (almost) perfect radial exponential. 
These two last criteria, not indispensable to perform the mass decomposition, 
help inferring the dark halo density distribution. Each RC has 7 — 15 velocity 
points inside Vopt, each one being the average of 2 — 6 independent data. The 
RC’s spatial resolution is better than 1/20 ropt, the velocity rms is about 3% 
and the RC’s logarithmic derivative is generally known within about 0.05. 

3.1 Halo Density Profiles 

We model the mass distribution as the sum of two components: a stellar disk 
and a spherical dark halo. By assuming centrifugal equilibrium under the action 
of the gravitational potential, the observed circular velocity can be split into the 
two components: E®(r) = V^{r) +V)/(r). By selection, the objects are bulge-less 
and stars are distributed like an exponential thin disk. Light traces the mass via 
an assumed radially constant mass-to-light ratio. 

We neglect the gas contribution Vgasij) since in normal spirals it is usually 
modest within the optical region [17, Fig. 4.13]: [3gas = (^as/^^)r„pt 0.1. Fur- 

thermore, high resolution HI observations show that in low luminosity spirals: 
VgUr)c^Q for r < Vd and Vgas{r) {20±5){r —rd)/2rd for Vd < r < 2>rd. Thus, 
in the optical region: i) Vg^^{r) -C F®(r) and ii) d\V'^{r) — Vg^^{r)]/ dr ^ 0. This 
last condition implies that by including Vgas the halo velocity profiles would re- 
sult steeper and then the core radius in the halo density even larger. Incidentally, 
this is not the case for dwarfs and LSB’s: most of their kinematics is affected 
by the HI disk gravitational pull in such a way that neglecting it could bias the 
determination of the DM density. The circular velocity profile of the disk is given 
by (4) and the DM halo will have the form given by (3). Since we normalize (at 
ropt) the velocity model {Vg + to the observed rotation speed V/p© (3 

enters explicitly in the halo velocity model and this reduces the free parameters 
of the mass model to two. 

For each galaxy, we determine the values of the parameters j3 and a by means 
of a x®-minimization fit to the observed rotation curves: 

Vlodei (r; f3, a) = Vj (r; /?) + (r; f3, a) (8) 

A central role in discriminating among the different mass decompositions is 
played by the derivative of the velocity field dV/dr. It has been shown [e.g. 
14] that by taking into account the logarithmic gradient of the circular velocity 
field defined as: V(r) = retrieve the crucial information stored 

in the shape of the rotation curve. Then, we set the y®’s as the sum of those 
evaluated on velocities and on logarithmic gradients: Xv = Tl'iZi 
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Fig. 4. Halo parameters (a is in units of Vopt) for the individual RC’s. Notice that 
for this sample we can derive in model-independent way a 77 1, in disagreement with 
CDM predictions. 



and Xv = Er=i V model {n, [3, a) given from the above 

equations. The parameters of the mass models are finally obtained by minimizing 
the quantity Xtot = Xv + Xy- 

The best-fit models parameters are shown in Fig. 4. The disk-contribution 
j3 and the halo core radius a span a range from 0.1 to 0.5 and from 0.8 to 2.5, 
respectively. They are pretty well constrained in a small and continuous region of 
the (a, f3) space. The derived mass models are shown in Fig. 5, alongside with the 
separate disk and halo contributions. We also get a “lowest” and a “highest” halo 
velocity curve (dashed lines in figure) by subtracting from V (r) the maximum 
and the minimum disk contributions V)f(r) obtained by substituting in (4) the 
parameter j3 with /?6est + 5(3 and (3f,est — 5(3, respectively. It is obvious that the 
halo curves are steadily increasing, almost linearly, out to the last data point. In 
each object the uniqueness of the resulting halo velocity model can be realized 
by the fact that the maximum-disk and minimum-disk models almost coincide. 
Remarkably, we find that the size of the halo density core is always greater than 
the disk characteristic scale-length Vd and it can extend beyond the disk edge 
(and the region investigated). 

3.2 Testing CDM 

In Fig. 5 we show how the halo velocity profiles of the nine galaxies rise almost 
linearly with radius, at least out to the disk edge: 

Vh{r)ccr 0.05 Topt £ r ^ropt (9) 

The halo density profile has a well defined (core) radius within which the density 
is approximately constant. This is inconsistent with the singular halo density 
distribution emerging in the Cold Dark Matter (CDM) halo formation scenario. 
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Fig. 5. BBS fAM’Xthick solid line) to't'ffe PC’s (points witR"Wrrorbars) . Thin solid lines 
represent the disk and halo contributions. Notice the steep halo velocity profiles. The 
maximum and minimum disk solutions (dashed lines) provide the theoretical uncer- 
tainties. 

More precisely, since the CDM halos are, at small radii, likely more cuspy than 
the NFW profile: pcDM oc [e.g. 14], the steepest CDM halo velocity profile 
V}^(r) (X. results too shallow with respect to observations. Although the mass 
models of (3) converge to a distribution with an inner core rather than with a 
central spike, it is worth, given the importance of such result, checking in a direct 
way the (in)compatibility of the CDM models with galaxy kinematics. 

So, we assume the NFW functional form for the halo density given by (1), 
leaving c and r-g as free independent parameters, although N-body simulations 
and semi-analytic investigations indicate that they correlate. This choice to in- 
crease the chance of a good fit. We also imposed to the object under study 
a conservative halo mass upper limit of 2 x lO^^M©. The fits to the data are 
shown in Fig. 6, together with the BBS fits: for seven out of nine objects the 
NFW models are unacceptably worse than the BBS solutions. Moreover, in all 
objects, the CDM virial mass is too high: 2 x lO^^M© and the resulting 

disk mass-to-light ratio too low ( TS 10^^ in the J-band). 

4 The Intriguing Evidence from Dark Matter Halos 

The dark halos around spirals emerge as an one-parameter family; the order 
parameter (either the central density or the core radius) correlates with the lu- 
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Fig. 6. NFW b(SSt-fits solid lines of tll6’ rotation curves (filTSd circles ) compared with 
the BBS fits (dashed lines). The values are also indicated. 

minous mass. However, we do not know how it is related to the global structural 
properties of the dark halo, like the virial radius or the virial mass, unless we 
extrapolate out over the BBS profile. That is because the halo RC, out to the 
outermost data, is completely determined by physical parameters, the central 
core density and the core radius, which have little counterpart in the gravita- 
tional instability/hierarchical clustering picture. 

Caveat the above extrapolation, the location of spiral galaxies in the virtual 
space of virial mass/halo “central” density/stellar mass, that, on theorethical 
basis, should be roughly 3-D random determined by several different and non- 
linear physical processes, is remarkably found to degenerate and to lie on a 
curve. Indeed, in Fig. 7 we show the dark-to-luminous mass ratio as function of 
the normalized radius and the total disk mass. The surface has been obtained 
by adopting the correlations between the halo and the disk parameters we found 
in our previous works (see Fig. 3 [19]): 

logro = 9.10 + 0.28 logpo - 3.49 x 10“ (10) 

logpo = -23.0-0.077 logM<i-9.98 x 10^® (11) 

log rrf = 4.96 - 1.17 logM^T 0.070 {logMaf 



and: 



( 12 ) 
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log 



Fig. 7. The dark-to-luniinous inaas ratio as function of tlie iiornialized radius and tlic 
total disk mass. 

from data in [16]. The dark-to-luininous ma.ss ratio at fixed ratio increa.ses as 
the total disk ma.ss decreases; for example at r = 10 rj it raises from 20% for 
massive disks (A/d = 10^^ A/©) to 220% for smaller disks {Md = 10® A/©). 

Two conclusive statements can be drawn: dark matter halos have an inner 
constant density region, whose size exceeds the stellar disk length-scale. Second, 
there is no evidence that dark halos converge, at large radii, to a p ~ r~~ (or 
steeper) profile. 

The existence of a region of “constant” density po — ^ ^>»fl size ro 

is hardly explained within current tlieories of galaxy formation. Moreover, the 
evidence of a smooth halo profile is growing more an more in recent literature 
[e.g. 26, 27, 28, 29] and a number of different solutions have been proposed to 
solve this problem [e.g. 30, 31, 32, 33|. Let us stress, however, that we should 
incorporate all the intriguing halo properties described in this review. 
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Abstract. We briefly discuss measurements of angles /? and a of the Unitarity triangle. 
We then review rate asymmetries using SU(3) relationships in the standard model. 
Some methods to measure angle 7 using SU(3) are then discussed. We note that rate 
for 5 — s- S 7 can be used to set limits on extra dimensions in which standard model 
particles propagate. 



Measurement of angles of the unitarity triangle is one of the prime goals of the 
B factories. Both Belle [1] and BaBar [2,3] collaborations have reported values 
of sin 2/3. The experimental world average is given by: 

sin 2/3 = 0.79 ±0.10 (1) 

This value is in excellent agreement with the Standard Model. A recent theoret- 
ical analysis by Ciuchini et. al. [4] yields the value: 

sin 2/3 = 0.698 ±0.066 (2) 

It is still important to measure the other angles by different techniques to make 
sure that CP violation arises only through the CKM matrix. The next mea- 
surement is likely to be sin2o: through the study of time dependent asymme- 
tries in Bd — f TT+TT^ decays. The coefficient of sin(Z\mt) in this case yields 
sin(2o:i„easured) where ctmeasured IS not the Same as a because of large penguin 
contamination. It is possible to estimate the deviation Sa = ctmeasured — ct with 
some theory input. For example, using QCD improved factorization of Beneke 
et. al. [5], it is possible deduce sin2o; from sin(2o;i„easured) provided \Vub/ycb\ is 
known. This was done in [6]. The following plot (Fig. 1) summarizes the result 
of the analysis. 

Interesting relationships can be obtained between CP violating rate differ- 
ences in the standard model if one uses flavor SU(3) s}mimetry. The quark level 
effective Hamiltonian up to one loop level in electroweak interaction for hadronic 
charmless B decays, can be written as 

Hiff = ^ [K6k;(ciOi ± odCh) - ^{Vubv:^cr + v^bv:/noi]. (3) 

The operators are defined in [7]. The coefficients C17 and , with j 

indicates the internal quark, are the Wilson Coefficients (WC). These WC’s have 

J. Trampetic, J. Wess (Eds.): LNP 616, pp. 81—92, 2003. 

@ Springer- Verlag Berlin Heidelberg 2003 
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Fig. 1. The “true” value of sin 2a as a function of the value of sin 2a “measured” in 
B — s- TT+TT^ decays for |Fu(,/V'ci)| = 0.1 (solid curve), 0.08 (dashed curve) and 0.06 
(dotted curve). 



been evaluated by several groups [7], with |ci_ 2 | ^ |cf |- In the above the factor 
VcbV*q has been eliminated using the unitarity property of the KM matrix. 

The operators Oi^ 2 , O 3 - 6 , 11 , 12 , and Or-io transform under SU(3) symmetry 
as 3d + 36 + 6 + 15, 3, and 3a + 36 + 6 + 15, respectively. These properties enable 
us to write the decay amplitudes for B — ^ FF in only a few SU(3) invariant 
amplitudes. 

For the T{q) amplitude, for example, we have [8] 

T{q) = + cl BiMlM^jHizy 

+ AlB,H{6)yM^qM^+ClB,M}H{6tMi 

+ Al^BiHiWlM^Mt + , (4) 

where Bi = {Bu, Bd, Bg) = {B^,B'^,Bg ) is a SU(3) triplet, Mf is the SU(3) 
pseudoscalar octet, and the matrices H{i) contain information about the trans- 
formation properties of the operators O 1 - 12 . 

For q = d, the non-zero entries of the matrices H{i) are given by 

TT(3)2 =1, = H{6)f = 1 , ff(6)f = TT(6)f = -1 , 
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F(15){2 = F(15)f = 3 , = -2 , = F(15)f = -1 . (5) 

And for q = s, the non-zero entries are 

=1, A/(6)f = A/(6)f = 1, H{6)f = H{6)f = -l, 

H(15)f = H(15)f = 3 , H(15)f = -2 , H(15)f = H(15)f = -1 . (6) 

Due to the anti-symmetric property of H{6) in exchanging the upper two 
indices, Ae and Cs are not independent. For individual decay amplitude, Ae and 
Cs always appear together in the form Cq — Ae- We will absorb Ae in the defi- 
nition of Ce- In terms of the SU(3) invariant amplitudes, the decay amplitudes 
for various B meson decays are given by [9] 



ZiS' = 0 

T^-ko id) =Ci- Cl + 3A^ - C7§, 
d'^+'K- id) = 2^5 + cl + + 3(7|g, 

TXo id) = ^{2Al a Cl + Cl + - 5C§) , 

T|l^+(d) = 2(Af + A^), 

id) = 2A-e A Cl- Cl - 3A^ - Cj^, 

T^Sd) = ACIa^AI^ACj^), 

TnXid) = ^(2^3 + \cl -Cl -Al^ A C^), 
2f^^.id)=Cl ACl-Al^A^Cj,, 
dfo^ld) = -^iCl ACl-Al^-5Cj,), 

dKoJd) = -^iCl ACl-Al,-5Cj,). 



AS = 

rpBu 



°K- 



VsK- 

+ K- 



is) = cl -cIa^aI^-cI^, 

is) = ~^iddl -ddl A 3A^ + TCdC) , 

is) = -^\-Cl ACI - 3A^ + QCd^), 

- is) = C^l ACI — + 3(7-^, 
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= 

TXo(s) = 



nBs 

^K^K- 
nB 



-J- T^4- T^— 



'-K^K^ 



(s) 

V*/ 



-^(X + X-A^-5C%), 
+X-A^-5CX, 
-2{AT + AX, 

+ ^15)’ 

= 2Al +X A Cg + A 3 ( 7 -^, 



X^,f,,{s) = 2AiACi -C\ 



XM A2AI;-2CX, 



2 
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The amplitudes for P{q) in terms of SU(3) invariant amplitudes can be ob- 
tained in a similar way. We will indicate the corresponding amplitudes by A[ 
and Cf . Rate differences are defined as follows 



A{B^PP) = r{B^PP)-r{B^PP). (7) 



SU(3) symmetry relates AS = 0 and AS = — 1 decays. One particularly interest- 
ing class of relations are the ones with T{d) = T{s) = T and P{d) = P{s) = P . 
For this class of decays, we have [8] 



A{d) = VubV:,TAVtA^:,P, 

7 L(s) = KoO' + ( 8 ) 

Due to different KM matrix elements involved in A{d) and M(s), although 
the amplitudes have some similarities, the branching ratios are not simply re- 
lated. However, when considering rate difference, A{B — ^ PP), the situation is 
dramatically different. Because a simple property of the KM matrix element, 
Im{VubV*^VflVtd) = -Pm(yubV*^V*^yts), we find that in the SU(3) limit, 

A{d) = -A{s), (9) 

where A{i) = (|M(*)p — |M(*)p)Aa6/(87rms) is the CP violating rate difference 
defined earlier and X^b = \Z^ — 2 (m'^ A X)/'^b A i'm'i — with 5 

being the masses of the two particles in the final state. 

In the SU(3) limit we find the following equalities: 

1) A{B- K-R°) = -A{B- 'k-R°) , 

2 ) A{B'^ ^Ti-Ti"^) = -A{Bs^ R^R"^) , 

3) ^ R-R+) = -A{Bs 7r^7T+) 

= -2A{B, Tv°Tv°) , 

4) A{B° R°R°) = -A{B, R°R°) , 
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5) A{B° ^n+K-) = -A{B,^ K+n-), 

6 ) A{B° ti°K°) = -A{Bs K%°) 

= ^A{B° ^rjsK°) = -^A{B,^K%s)- ( 10 ) 

If it turns out that the annihilation contributions are all small as can be 
tested in B^ — ^ Bg — f and Bg — ^ there are additional 

relations for rate differences. We find 

2) « -5), 

6) A{B° ^ n\°) (If) 

In the limit that annihilation contributions are small, it is difficult to perform 
tests related to 1), 3) and 4) because the decay rates involved are all small. The 
equalities of 2) and 5) provide the best chances to test the SM. 

We can use factorization assumption to estimate SU(3) breaking. This should 
be a good approximation because corrections to factorization are 0{ag), thus 
neglected terms of of order SU(3) breaking times 0{ag) 

A{B° 7T+7T-) « -^A{B° TT+K-), 

J K 

A{Bg^K+K-)^-^-^A{Bg^Ti-K+). (12) 

J 7T 

Similar method can be applied to B ^ PV decays [10]. We find the following 
interesting relations 



JK 

A{Bd^Ti^p-)^A{Bd^Ti^K*). (13) 

Buras and Fleischer [11] gave a method to determine 7 neglecting rescat- 

tering using Bgi — ^ 7T^iF+, B+ — ^ tt+tt® decays and time dependent measure- 
ments of the Bd -P- n^Ks decay. For this method, they also require time depen- 
dent analysis of, for example, Bd -P J/ipKs to measure fd. Gronau and Pirjol [12] 
suggested a method using time independent measurements of all the Bd -P t^K 
and Bg -P nK modes. In their method also rescattering effects are included. 
However, it might be difficult to measure the neutral modes of Bg decays since 
that will involve tagging at hadron machines. 

We have discussed a technique to determine 7 including rescattering effects 
(and the EWP operators) using B meson decays to tt’s and iF’s [13]. We will 
illustrate this technique for one of the cases discussed. 

We do wot require any time dependent studies. The strategy is as follows. In 
cases 1 and 2, using 5 AS = 0 decay modes, we determine the strong phases 
and magnitudes of the tree level and penguin contributions as functions of 7 
(assuming flavor SU{2) symmetry). Then, using flavor S'[/(3) symmetry, we 
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Table 1. The 6 (or 8) B decay modes used by each of the 4 cases to determine 7. 





Modes used 




Case 


AS = 0 


AS = 1 


1 


B+ — S- TV^TV°, Bd — s- TT^TT^ ,TT°TT° 

Bd — 


Bd tv-K+,tv°K° 
Bg —S' 7r+7T“ (or 7r'^7T°) 


2 


B+ — S- TV^TV°, Bd — s- TT+TT^, 
Bd —S' TT+TT^, 


Bs K+K- 

(CP-averaged) 


3 


—S' Bd —S' 

Bd K+K- 


Bd n°K°,%-K+ 
Bd tv°K°,tv+K- 


4 


B+ TT+TV° 


Bd tv°K°,tv-K+ 




Bs —S' Tv^ (orTv°K°) (CP-averaged) 


Bd %°K°,%+K- 



predict the rate for one AS = 1 mode in case 2. In case 1, two AS = 1 modes have 
to be measured to make a prediction for a third AS = 1 mode. The measurement 
of the decay for which we have a prediction (as a function of 7) then determines 

7. A similar idea can be applied to predict a AS = 0 decay mode as a function 

of 7 using measurements of AS = 1 (and some AS = 0) modes (cases 3 and 4). 
The decay amplitudes for ^ nK can be written as 

V2A{Bd^n°K°) = -hp2+2h/-2, (14) 

A{Bd^T^ K^) = I 1/2 + I'i/ 2 , (15) 

where /1/2 and 1^/2 are the amplitudes for Bd decay to n K {I = 1/2) and 
(7 = 3/2) respectively. Then, 

3/3/2 = V2A{Bd ^ 71 ^ K ^) + A{Bd ^ 7 T - K +) 
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= -8C7fs j 

= - 8 \Cfs\\Xi:'>\{e^'^ + SEw), ( 16 ) 

Here Sew is given by — |Ac*^|/|A(f^| 3/2 k ^ — 0 . 66 , and the EWP contribution 
is important for Bd — f t^K decays. \Cf^ \ can be obtained from the B+ — ^ 
decay rate. 

7 1/2 is given by 

^1/2 = + Cj + 3^15^ + + (7ff + 

= e *4 |A(/i|e*T"i''' - |A/"i|e*'^'>^P'. (f 7 ) 



The four quantities: T' , F', and <f>'p can thus be determined as functions 
of 7 from the measurements of the four decay rates: Bd — f 7r^K+, Bd — f 
and their CP-conjugates. 

Due to the EWP contribution (see ( 16 )), the triangle construction is a bit 
different in this case as shown below. 

We multiply the CP-conjugate amplitudes by to get the “barred” am- 
plitudes. In this case there is an angle between Lj,/‘2 and J3/2 denoted by 27 and 
their magnitudes are functions of 7 (see ( 16 )): 

1/3/2 1 = 1/3/2 1 = ^ Idfs 1 1 V( 1 + (llvp + 2Sew cos 7) , ( 18 ) 



, . Sew sin 7 

tan 7 = ; 

1 + Sew cos-/ 



( 19 ) 



Given 7, we can thus construct the triangles of ( 16 ) and its CP-conjugate 
(see Fig. 2 ). Knowing the magnitudes and orientations of J1/2 and J1/2 from Fig. 
2 , we can determine T' , P' , />A and <f>'p as functions of 7. 

The Bd — ^ amplitude is given by: 



A {Bd ^ K+K-) = -A(<^) {2Al + ^ A^ {2Al^ + 2A^,,^^) 

<1 

= ae®/“. (20) 

We can see that a/ 2 A {Bd — ^ tt'^tt®) +A{Bd — ^ K^K^) can be obtained from 
a/2AI {Bd — ^ K^tt^) and 

A{Bd — ^ TT+TT^) — A{Bd — ^ K^K^) can be obtained from A{Bd — ^ 7r^iP+) by 
scaling the AS = 1 amplitudes by appropriate CKM factors. Thus, we can 
determine 7, including all rescattering effects, by measuring the 8 decay modes: 
B+ — ^ 7r+7T°, Bd and Bd — f t^K (all), Bd — f K^K^, Bd — f and Bd — f 

7T^7r+ (or CP-conjugates of the last three modes). 
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Fig. 2. The triangles formed by the Bd — )■ t^K amplitudes: AB — \ A (Bd — )■ ) |, 

BC = 1^4 {Bd ^ I, AD = 1^ {Bd ^ K-TV+) \, DE = {Bd ^ tt°K°) \. 
AF=\V2A {B+ Tv+Tv°) I |a 1"V|^« ^1 and FC = FE = AF Sew (see (16)). In the 
phase convention where the strong phase of Clg is zero, the angle between AF and the 
real axis is tt + 7 . 



If the annihilation amplitudes are small, we can determine 7 by measuring 
any one Bd — ^ tttt decay mode, in addition to the B+ — ^ Bd (and Bd) 

— ^ ttK decay modes. If we measure the CP-conjugate Bd — ^ tttt rates as well, 
then a CP-averaged measurement of the decay rate Bd — t suffices. 

We now show [14] how b ^ sj decay can be used to set limits on the size of 
extra dimensions. The motivations for studying theories with flat extra dimen- 
sions of size (TeV)^^ accessible to (at least some of) the SM fields are varied. 

Prom the 4_D point of view, these extra dimensions take the form of Kaluza- 
Klein (KK) excitations of SM fields with masses n/ R, where i? is a typical size 
of an extra dimension. In models with only SM gauge fields in the bulk, there 
are contributions to muon decay, atomic parity violation (APV) etc. from tree- 
level exchange of KK states of gauge bosons [15,16]. Then, precision electroweak 
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measurements result in a strong constraint on the size of extra dimensions and, 
in turn, imply that the effect on the process 6 — ^ sy is small. 

To avoid these constraints, we will focus on models with universal extra 
dimensions, i.e., extra dimensions accessible to all the SM fields. In this case, 
due to conservation of extra dimensional momentum, there are no vertices with 
only one KK state, i.e., coupling of KK state of gauge boson to quarks and 
leptons always involves (at least one) KK mode of quark or lepton. 

This, in turn, implies that there is no tree-level contribution to weak decays 
of quarks and leptons, APV e+e^ — ^ etc. from exchange of KK states of 

gauge bosons [17,18]. 

However, there is a constraint on from one-loop contribution of KK states 
of (mainly) the top quark to the T parameter. For nit “C R^^, this constraint is 

roughly given by J2n j 0.5 — 0.6 (depending on the neutral 

Higgs mass) [18]. For the case of one extra dimension, this gives R~^ ^ 300 GeV. 
The KK excitations of quarks appear as heavy stable quarks at hadron colliders 
and searches by the CDF collaboration also imply Rr^ 300 GeV for one extra 
dimension [18]. We consider in this talk b ^ sj for the case of only minimal SM 
with one Higgs doublet in extra dimensions. 

The effective Hamiltonian for AS = 1 B meson decays is 



i=i 

where the operator relevant for the transition ^ sy is 

g. 



The coefficient of this operator from W — t exchange in the SM is 

CR (mw) 



1 / m: 








where the loop function A is given by 

+ (|x^ -x) Inx 



A(x) = X 



2 A 

3 *^ ' 12 " 



{x - 1)" 



(x-1)^ 



( 21 ) 



( 22 ) 



(23) 



(24) 



Of course, this includes the contribution from the charged would-be-Goldstone 
boson (WGB) (i.e., longitudinal IF). With extra dimensions, there is a one-loop 
contribution from KK states of IF (accompanied by KK states of top quark, 
but as we show below, this is smaller than that from KK states of charged WGB. 
In the limit my/ -C R^^, the KK states of IF get a mass n/ R by “eating” the 
held corresponding to extra polarization of IF in higher dimensions - this held 
is a scalar from the AD point of view. Thus, the coupling of all components of 
IF*^"^ to fermions is g, unlike the case of the zero-mode, where the coupling of 




90 



Nilendra G. Deshpande 



longitudinal W to fermions is given by the Yukawa coupling of Higgs to fermions. 
Therefore, the contribution of to the coefficient of the dimension-5 operator 
is e j m\ 1/ {njR)"^, wherethe factor reflects 

GIM cancelation. In terms of the operator Or, the contribution of each KK 
state of W to Cr is ni^ni'^/ [n/Kf' . 

Prom the above discussion, it is clear that the KK states of charged would-be- 
Goldstone boson (denoted by WGB*^"^) are physical (unlike the zero-mode). The 

loop contribution of WGB*^"^ with mass n/ R (and with mass -^ ml + [n/R )^ ) 

is of the same form as that of physical charged Higgs in 2 Higgs doublet models 
[19] with the appropriate modification of masses and couplings of virtual particles 
in the loop integral 



^WGBG) 






9 

Tnj + (n/R)^ 



X 



f ml + {n/Rf \ 'ml + jn/Rf 

[ (n/Rf ) 6 i^n/Rf 



(25) 



Here, the factor m^/ + {n/R)j accounts for (a) the coupling of 

to which is At mtjv, i.e., the same as that of WGB*^°^ (longitudinal IP), 
and (b) the fact that this contribution decouples in the limit of large KK mass - 
the functions A and B (see below) in the above expression approach a constant 
n/R becomes large. 

The loop function B is given by [19] 



B{y) 



y \ ly~k 

2 {y-lf 



(^-piny 

{y-lf 



(26) 



It is clear that the ratio of the contribution of ip(") and that of WGB*^") is 
{mwR/nf ^ 0(1/10) since R^^ 300 GeV (due to constraints from the T 

parameter and searches for heavy quarks). In what follows, we will neglect the 
tp(") contribution. 

At NLO, the coefficient of the operator at the scale/r mb is given by [20] 



Cr (mb) » 0.698 Cr (mw) - 0.156 O 2 (mw) + 0.086 Og (mw) ■ (27) 



Here, C/ is the coefficient of the operator O 2 = {cLa^^bLa) {sLg'yfj.CLg) and 
is approximately same as in the SM (i.e., 1) since the KK states of IP do not 
contribute to it at tree-level. Cg is the coefficient of the chromomagnetic operator 

Os = gj (167t^) mb X 

In the SM, Cg (mw) ~ —0.097 [20] due to the contribution of IP — t loop 
(using mt ~ 174 GeV). The coefficient of this operator also gets a loop contribu- 
tion from KK states which is of the same order as the contribution to Cr- Since 
the coefficient of Cg in (27) is small, we neglect the contribution of KK states to 
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The coefficient of Or at the scale niw is given by the sum of the contributions 
of (23) and that of (25) summed over n. 

Since {ray/) < 0 and (yWGB^D > 0) see that contribution from 

interferes destructively with the W contribution. The SM prediction for 
T (t> — ^ sy) /r (6 — ^ civ) has an uncertainty of about 10% and the experimental 
error is about 15% (both are l<j errors) [21]. The central values of theory and 
experiment agree to within 1/2 a. The semileptonic decay is not affected by the 
KK states (at tree-level). 

Gombining theory and experiment 2 <t errors in quadrature, this means that 
the 95% GL constraint on the contribution of KK states is that it should not 
modify the SM prediction for T (6 — ^ sy) by more than 36%. Since T (t> — ^ sy) oc 



[Cr (mi,)]^ , the constraint is 






n 2 



-.SM , 



n 2 



- 1 



36%. 



Using nif « 174 GeV, we get A « 0.39 in (23) and G® ^ (m^) « —0.3 from 
(27). Assuming nif -C we get B » 0.19 and A 0.21 in (25). Then, using 
(27) and the above criterion, we get the constraint 



(m/ + (n/i?)2) ;S 0.5 (28) 



which is comparable to that from the T parameter. For one extra dimension, 
performing the sum over KK states with the exact expressions for A and B in 
(25), the constraint is ^ 280 GeV. 

This work was supported, in part, by the U. S. Department of Energy under 
Grant No. DE-FG03-96ER40969. I wish to thank Professor Josip Trampetic for 
excellent hospitality at the Adriatic Meeting. 
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Abstract. Although direct searches of supersymmetry (SUSY) constitute the only 
way we have to clearly verify the existence of a low-energy SUSY extension of the 
standard model, yet, in particular in our pre-LHC era, it is of utmost importance to 
study any possible signal where SUSY manifests itself indirectly in discrepancies with 
the SM expectations in rare processes. In this talk we’ll consider a wide range of flavor 
changing neutral current and/or CP violating phenomena where, indeed, SUSY contri- 
butions are comparable to the SM ones. Such analysis provides stringent constraints on 
different SUSY model parameter spaces and, at the same time, it individuates possible 
windows for SUSY signals in spite of all the existing constraints. Our attention will 
focus in particular on the CP violating processes which are the most sensitive place for 
SUSY effects in the vast class of rare phenomena of the SM 



1 CP Violation in SUSY 

CP violation has major potentialities to exhibit manifestations of new physics 
beyond the standard model. Indeed, it is quite a general feature that new physics 
possesses new CP violating phases in addition to the Cabibbo-Kobayashi- 
Maskawa (CKM) phase ((Ickm) or, even in those cases where this does not 
occur, dcKM shows up in interactions of the new particles, hence with potential 
departures from the SM expectations. Moreover, although the SM is able to ac- 
count for the observed CP violation in the kaon system, we cannot say that we 
have tested so far the SM predictions for CP violation. The detection of CP 
violation in B physics will constitute a crucial test of the standard CKM picture 
within the SM. Again, on general grounds, we expect new physics to provide 
departures from the SM CKM scenario for CP violation in B physics. A final 
remark on reasons that make us optimistic in having new physics playing a major 
role in CP violation concerns the matter-antimatter asymmetry in the universe. 
Starting from a baryon-antibaryon symmetric universe, the SM is unable to ac- 
count for the observed baryon asymmetry. The presence of new CP-violating 
contributions when one goes beyond the SM looks crucial to produce an efficient 
mechanism for the generation of a satisfactory AB as}unmetry. 

The above considerations apply well to the new physics represented by low- 
energy supersymmetric extensions of the SM. Indeed, as we will see below, su- 
persymmetry introduces CP violating phases in addition to dcKM and, even if 
one envisages particular situations where such extra-phases vanish, the phase 
<^CKM itself leads to new CP-violating contributions in processes where SUSY 
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particles are exchanged. CP violation in B decays has all potentialities to exhibit 
departures from the SM CKM picture in low-energy SUSY extensions, although, 
as we will discuss, the detectability of such deviations strongly depends on the 
regions of the SUSY parameter space under consideration. 

In any MSSM, at least two new “genuine” SUSY UP-violating phases are 
present. They originate from the SUSY parameters p,, M, A and B. The first of 
these parameters is the dimensionful coefficient of the HuHd term of the super- 
potential. The remaining three parameters are present in the sector that softly 
breaks the N=f global SUSY. M denotes the common value of the gaugino 
masses, A is the trilinear scalar coupling, while B denotes the bilinear scalar 
coupling. In our notation, all these three parameters are dimensionful. The sim- 
plest way to see which combinations of the phases of these four parameters are 
physical [1] is to notice that for vanishing values of p, M, A and B the the- 
ory possesses two additional symmetries [2]. Indeed, letting B and p vanish, a 
[/(I) Peccei-Quinn symmetry originates, which in particular rotates Hu and Hd- 
If M, A and B are set to zero, the Lagrangian acquires a continuous U{\) R 
s}unmetry. Then we can consider ji., M, A and B as spurions which break the 
U{l)pQ and U{1)r symmetries. In this way, the question concerning the num- 
ber and nature of the meaningful phases translates into the problem of finding 
the independent combinations of the four parameters which are invariant under 
U{l)pQ and U{1)r and determining their independent phases. There are three 
such independent combinations, but only two of their phases are independent. 
We use here the commonly adopted choice: 

PA = arg(A*M), pB=arg(S*M). (1) 

where also arg (Bp) = 0, i.e. = —<fB- 

The main constraints on pA and (fp come from their contribution to the 
electric dipole moments of the neutron and of the electron. For instance, the 
effect of Pa and p^ on the electric and chromoelectric dipole moments of the 
light quarks (m, d, s) lead to a contribution to of order [3] 

/^100GeV\^ no 

dpr 2 { ; ) sm PA B X 10 ^^ecm, (2) 

\ m J ’ 

where rh here denotes a common mass for squarks and gluinos. The present 
experimental bound, < 1.1 x 10“^® e cm, implies that pA,s should be < 10“^, 
unless one pushes SUSY masses up to TeV). A possible caveat to such an 
argument calling for a fine-tuning of pa,b is that uncertainties in the estimate 
of the hadronic matrix elements could relax the severe bound in (2) [4]. 

In view of the previous considerations, most authors dealing with the MSSM 
prefer to simply put pA and p^ equal to zero. Actually, one may argue in favor 
of this choice by considering the soft breaking sector of the MSSM as resulting 
from SUSY breaking mechanisms which force pA and p^ to vanish. For instance, 
it is conceivable that both A and M originate from one same source of U{1)r 
breaking. Since pA “measures” the relative phase of A and M, in this case it 
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would “naturally” vanish. In some specific models, it has been shown [5] that 
through an analogous mechanism also (fs may vanish. 

If Pa = Pb = 0) then the novelty of SUSY in CP violating contributions 
merely arises from the presence of the CKM phase in loops where SUSY particles 
run [6]. The crucial point is that the usual GIM suppression, which plays a 
major role in evaluating ek and e' j e in the SM, in the MSSM case (or more 
exactly in the CMSSM) is replaced by a super-GIM cancellation which has 
the same “power” of suppression as the original GIM (see previous section). 
Again, also in the GMSSM, as it is the case in the SM, the smallness of 
and eJ je is guaranteed not by the smallness of dcKM, but rather by the small 
GKM angles and/or small Yukawa couplings. By the same token, we do not 
expect any significant departure of the GMSSM from the SM predictions also 
concerning CP violation in B physics. As a matter of fact, given the large lower 
bounds on squark and gluino masses, one expects relatively tiny contributions 
of the SUSY loops in ek or eJ j e in comparison with the normal W loops of the 
SM. Let us be more detailed on this point. 

In the GMSSM, the gluino exchange contribution to FGNG is subleading 
with respect to chargino (y^) and charged Higgs (iT^) exchanges. Hence, when 
dealing with CP violating FGNG processes in the GMSSM with = 0, 

one can confine the analysis to and loops. If one takes all squarks to be 
degenerate in mass and heavier than 200 GeV, then y^ — q loops are obviously 
severely penalized with respect to the SM W^-q loops (remember that at the 
vertices the same GKM angles occur in both cases). 

The only chance for the GMSSM to produce some sizeable departure from 
the SM situation in CP violation is in the particular region of the parameter 
space where one has light i), y^ and/or . The best candidate (indeed the 
only one unless tan (3 nit /mi,) for a light squark is the stop. Hence one can ask 

the following question: can the GMSSM present some novelties in GP-violating 
phenomena when we consider y+-t loops with light t, y+ and/or iF+? 

Several analyses in the literature tackle the above question or, to be more 
precise, the more general problem of the effect of light i and y+ on FGNG 
processes [7,8,9]. A first important observation concerns the relative sign of the 
IU+-t loop with respect to the y+-t and H^-t contributions. As it is well known, 
the latter contribution always interferes positively with the SM one. Interestingly 
enough, in the region of the MSSM parameter space that we consider here, 
also the y+-t contribution interferes constructively with the SM contribution. 
The second point regards the composition of the lightest chargino, i.e. whether 
the gaugino or higgsino component prevails. This is crucial since the light stop 
is predominantly Ir and, hence, if the lightest chargino is mainly a wino, it 
couples to Ir mostly through the LR mixing in the stop sector. Gonsequently, 
a suppression in the contribution to box diagrams going as sin^ Orr is present 
{9rr denotes the mixing angle between the lighter and heavier stops). On the 
other hand, if the lightest chargino is predominantly a higgsino (i.e. M 2 ^ p 
in the chargino mass matrix), then the y+-lighter t contribution grows. In this 
case, contributions oc Orr become negligible and, moreover, it can be shown that 
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they are independent on the sign of /r. A detailed study is provided in reference 
[8,9]. For instance, for M 2 /yU = 10, they find that the inclusion of the SUSY 
contribution to the box diagrams doubles the usual SM contribution for values 
of the lighter t mass up to 100-120 GeV, using tan/3 = 1.8, Mu+ = 100 TeV, 

= 90 GeV and the mass of the heavier t of 250 GeV. However, if is pushed 
up to 300 GeV, the loop yields a contribution which is roughly 3 times less 
than in the case = 90 GeV, hence leading to negligible departures from the 
SM expectation. In the cases where the SUSY contributions are sizeable, one 
obtains relevant restrictions on the p and p parameters of the GKM matrix by 
making a fit of the parameters A, p and p of the GKM matrix and of the total 
loop contribution to the experimental values of ek and AMb^ ■ For instance, in 
the above-mentioned case in which the SUSY loop contribution equals the SM 
W^-t loop, hence giving a total loop contribution which is twice as large as in 
the pure SM case, combining the and AMb^ constraints leads to a region 
in the p-p plane with 0.15 < p < 0.40 and 0.18 < < 0.32, excluding negative 

values of p. 

In conclusion, the situation concerning CP violation in the MSSM case with 

= Pb = 0 and exact universality in the soft-breaking sector can be summa- 
rized in the following way: the MSSM does not lead to any significant deviation 
from the SM expectation for GP-violating phenomena as e' j e and CP 

violation in B physics; the only exception to this statement concerns a small 
portion of the MSSM parameter space where a very light t (m^ < 100 GeV) 
and x+ (m^ 90 GeV) are present. In this latter particular situation, sizeable 

SUSY contributions to ek are possible and, consequently, major restrictions in 
the p-p plane can be inferred. Obviously, CP violation in B physics becomes a 
crucial test for this MSSM case with very light t and y+. Interestingly enough, 
such low values of SUSY masses are at the border of the detectability region at 
LEP II. 

In next Section, we will move to the case where, still keeping the minimality 
of the model, we switch on the new CP violating phases. Later on we will give 
up also the strict minimality related to the absence of new flavor structure in 
the SUSY breaking sector and we will see that, in those more general contexts, 
we can expect SUSY to significantly depart from the SM predictions in CP 
violating phenomena. 

2 Flavour Blind SUSY Breaking and CP Violation 

We have seen in the previous section that in any MSSM there are additional 
phases which can cause deviations from the predictions of the SM in CP viola- 
tion experiments. In fact, in the GMSSM, there are already two new phases 
present, (1), and for most of the MSSM parameter space, the experimental 
bounds on the electric dipole moments (EDM) of the electron and neutron con- 
strain these phases to be at most C>(10^^). However, in the last few years, the 
possibility of having non-zero SUSY phases has again attracted a great deal of 
attention. Several new mechanisms have been proposed to suppress supersym- 
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metric contributions to EDMs below the experimental bounds while allowing 
SUSY phases 0(1). Methods of suppressing the EDMs consist of cancellation 
of various SUSY contributions among themselves [10], non universality of the 
soft breaking parameters at the unification scale [11] and approximately degen- 
erate heavy sfermions for the first two generations [12]. In the presence of one 
of these mechanisms, large supersymmetric phases are naturally expected and 
EDMs should be generally close to the experimental bounds. ^ 

In this section we will study the effects of these phases in CP violation 
observables as eVe and CP asymmetries. Following our work of [14] it is 
clear that the presence of large SUSY phases is not enough to produce sizeable 
supersymmetric contributions to these observables. In fact, in the absence of the 
CKM phase, a general MSSM with all possible phases in the soft-breaking terms, 
but no new flavor structure beyond the usual Yukawa matrices, can never give 
a sizeable contribution to e^, e' f e or hadronic CP asymmetries. However, 
we will see in the next section, that as soon as one introduces some new flavor 
structure in the soft SUSY-breaking sector, even if the CP violating phases are 
flavor independent, it is indeed possible to get sizeable CP contribution for large 
SUSY phases and Sckm = 0. Then, we can rephrase our sentence above in a 
different way: A new result in hadronic CP asymmetries in the framework of 
supersymmetry would be a direct proof of the existence of a completely new flavor 
structure in the soft-breaking terms. This means that B-factories will probe the 
flavor structure of the supersymmetry soft-breaking terms even before the direct 
discovery of the supersymmetric partners [14]. 

3 CP Violation in the Presence 
of New Flavour Structures 

In Sect. 2, we have shown that CP violation effects are always small in models 
with flavor blind soft-breaking terms. However, as soon as one introduces some 
new flavor structure in the soft breaking sector, it is indeed possible to get 
sizeable CP contribution for large SUSY phases and Sckm = 0 [11,29,30]. To 
show this, we will mainly concentrate in new supersymmetric contributions to 
e' /e. 

In the CMSSM, the SUSY contribution to e'/e is small [31,14]. However in a 
MSSM with a more general framework of flavor structure it is relatively easy to 
obtain larger SUSY effects to e'/e. In [32] it was shown that such large SUSY 
contributions arise once one assumes that: i) hierarchical quark Yukawa matrices 
are protected by flavor symmetry, ii) a generic dependence of Yukawa matrices on 
Polonyi/moduli fields is present (as expected in many supergravity/superstring 
theories), iii) the Cabibbo rotation originates from the down-sector and iv) the 
phases are of order unity. In fact, in [32], it was illustrated how the observed 
e' I e could be mostly or entirely due to the SUSY contribution. 

^ In a more general (and maybe more natural) MSSM there are many other CP 
violating phases [13] that contribute to CP violating observables. 
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The universality of the breaking is a strong assumption and is known not to 
be true in many supergravity and string inspired models [33]. In these models, 
we expect at least some non-universality in the squark mass matrices or tri- 
linear terms at the supersymmetry breaking scale. Hence, sizeable flavor-off- 
diagonal entries will appear in the squark mass matrices. In this regard, gluino 
contributions to e' j e are especially sensitive to (<5 i2)lb.; even |Im((5f2)i_R.| 10^® 

gives a significant contribution to e' j e while keeping the contributions from this 
MI to Am-K and well bellow the phenomenological bounds. The situation is 
the opposite for L-L and R-R mass insertions; the stringent bounds on {5^2) ll 
and {5y2)rr from Attik and er prevent them to contribute significantly to e'/e. 

The LR squark mass matrix has the same flavor structure as the fermion 
Yukawa matrix and both, in fact, originate from the superpotential couplings. 
It may be appealing to invoke the presence of an underlying flavor symmetry 
restricting the form of the Yukawa matrices to explain their hierarchical forms. 
Then, the LR mass matrix is expected to have a very similar form as the Yukawa 
matrix. Indeed, we expect the components of the LR mass matrix to be roughly 
the SUSY breaking scale (e.g., the gravitino mass) times the corresponding com- 
ponent of the quark mass matrix. However, there is no reason for them to be 
simultaneously diagonalizable based on this general argument. To make an order 
of magnitude estimate, we take the down quark mass matrix for the first and 
second generations to be (following our assumption iii)), 

f 'm-d nisVus 

Y ViC:d \ 

V 



( 3 ) 



where the (2,1) element is unknown due to our lack of knowledge on the mixings 
among right-handed quarks (if we neglect small terms rndVcd)- Based on the 
general considerations on the LR mass matrix above, we expect 



2W 

'm- LR- 'm-'i/'i 



anid hnisVus 
crrig 



( 4 ) 



where a, b, c are constants of order unity. Unless a = b = c exactly, and 
are not simultaneously diagonalizable and we find 



h-2)LR — 



W3/2? 






= 2 X 10 



-5 



m,s{Mpi) \ f ms/2 \ f SOO GeV ^ 



50 MeV \ 'm-q J \ 



( 5 ) 



It turns out that, following the simplest implementation along the lines of the 
above described idea, the amount of flavor changing LR mass insertion in the s 
and d-squark propagator results to roughly saturate the bound from e'/e if a 
SUSY phase of order unity is present [32]. 

This line of work has received a great deal of attention in recent times, after 
the last experimental measurements of e'/e in KTeV and NA31 [34,35]. The 
effects of non-universal A terms in CP violation experiments were previously 
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analyzed by Abel and Ffere [36] and after this new measurement discussed in 
many different works [11]. In the following we show a complete realization of 
the above Masiero-Murayama (MM) mechanism from a Type I string-derived 
model recently presented by one of the authors [37] . 

3.1 Type I String Model and s' je 

In first place we explain our starting model, which is based on type I string 
models. Our purpose is to study explicitly CP violation effects in models with 
non-uni versal gaugino masses and A-terms. Type I models can realize such 
initial conditions. These models contain nine-branes and three types of ffve- 
branes (5a, a = 1,2,3). Here we assume that the gauge group S'[/(3) x U{\)y 
is on a 9-brane and the gauge group SU{2) on the S^-brane like in [29,38], in 
order to get non-uni versal gaugino masses between S'[/(3) and SU{2). We call 
these branes the SU (3)-brane and the SU (2)-brane, respectively. 

Chiral matter fields correspond to open strings spanning between branes. 
Thus, they must be assigned accordingly to their quantum numbers. For exam- 
ple, the chiral held corresponding to the open string between the SU (3) and 
SU{2) branes has non-trivial representations under both S'[/(3) and SU{2), 
while the chiral held corresponding to the open string, which starts and ends on 
the S'[/(3)-brane, should be an S'[/(2)-singlet. 

There is only one type of the open string that spans between the 9 and 
5-branes, that we denote as the . However, there are three types of open 
strings which start and end on the 9-brane, that is, the Cf sectors (i=l,2,3), 
corresponding to the *-th complex compact dimension among the three complex 
dimensions. If we assign the three families to the different (7® sectors we obtain 
non-universality in the right-handed sector. Notice that, in this model, we can 
not derive non-universality for the squark doublets, i.e. the left-handed sector. 
In particular, we assign the Cf sector to the third family and the and C^, to 
the first and second families, respectively. 

Under the above assignment of the gauge multiplets and the matter fields, soft 
SUSY breaking terms are obtained, following the formulae in [16]. The gaugino 
masses are obtained 



M 3 = Ml = V 3 m 3/2 sinUe ( 6 ) 

M 2 = V3m3/2 cos06*ie^®“U (7) 

While the A-terms are obtained as 

Aci = -V3m3/2 sin6»e^®“® = -M 3 , (8) 

for the coupling including i.e. the third family, 

Aci = -Ms - V3m3/2cos<?(0ie-*“i - ©2e-*“^), 

Aci = -Ms - V3m3/2Cos61(6»ie-*“i - 6»3C-*“=>), 



( 9 ) 
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for the second and first families. Here m 3/2 is the gravitino mass, as and Oj are 
the CP phases of the F-terms of the dilaton field S and the three moduli fields 

and 0 and 6*j are goldstino angles, and we have the constraint, = 1. 

Thus, if quark fields correspond to different (7® sectors, we have non-universal 
A-terms. We obtain the following trilinear SUSY breaking matrix, {Y^)ij = 

/ \ /Ac| 0 0 \ 

- o' 0 (10) 

V / V 0 0 m ) 

In addition, soft scalar masses for quark doublets and the Higgs fields are 

obtained, 

m^95i =m2/^(l - ^cos2 6>(1 -6»^)). (11) 

The soft scalar masses for quark singlets are obtained as 

m^9 = - 3 cos2 OOl), (12) 

if it corresponds to the sector. 

Now, below the string or SUSY breaking scale, this model is simply a MSSM 
with non-trivial soft-breaking terms from the point of view of flavor. Scalar mass 
matrices and tri-linear terms have completely new flavor structures, as opposed 
to the super-gravity inspired CMSSM or the SM, where the only connection 
between different generations is provided by the Yukawa matrices. 

This model includes, in the quark sector, 7 different structures of flavor, M 'q , 
Mij, Mjy, Yd, Yu, YJ^ and 1^. From these matrices, Mq, the squark doublet 
mass matrix, is proportional to the identity matrix, and hence trivial, then we 
are left with 6 non-trivial flavor matrices. Notice that we have always the free- 
dom to diagonalize the hermitian squark mass matrices (as we have done in 
the previous section, (11,12)) and fix some general form for the Yukawa and 
tri-linear matrices. In this case, these four matrices are completely observable, 
unlike in the SM or CMSSM case. 

At this point, to specify completely the model, we need not only the soft- 
breaking terms but also the complete Yukawa textures. The only available exper- 
imental information is the Cabbibo-Kobayashi-Maskawa (CKM) mixing matrix 
and the quark masses. Here, we choose our Yukawa texture following two sim- 
ple assumptions : i) the CKM mixing matrix originates from the down Yukawa 
couplings (as done in the MM case) and ii) our Yukawa matrices are hermi- 
tian [39]. With these two assumptions we fix completely the Yukawa matrices 
&s vi Yd = ■ Md ■ K and ^ = Af„, with Md and M„ diagonal quark 

mass matrices, K the Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix and 
V = vi/{cosp) = W2/(sin/3) = ^/2Mw/g- We take tan/3 = V 2 /V 1 = 2 in the fol- 
lowing in all numerical examples. In this basis we can analyze the down tri-linear 
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matrix at the string scale, 

fAci 0 0 \ 

Yf=K^-^.K.{ o" Ac. 0 (13) 

Vo O^AcJ 

Hence, together with the up tri-linear matrix we have our MSSM completely 
defined. The next step is simply to use the MSSM Renormalization Group Equa- 
tions [22,21] to obtain the whole spectrum and couplings at the low scale, Mw- 
The dominant effect in the tri-linear terms renormalization is due to the gluino 
mass which produces the well-known alignment among A-terms and gaugino 
phases. However, this renormalization is always proportional to the Yukawa cou- 
plings and not to the tri-linear terms. This implies that, in the SCKM basis, 
the gluino effects will be diagonalized in excellent approximation, while due to 
the different flavor structure of the tri-linear terms large off-diagonal elements 
will remain with phases 0(1) [32]. To see this more explicitly, we can roughly 
approximate the RGE effects at Mw as, 

/ Aq. 0 0 \ 

Y^ = CgmgYd + CAYd-\ 0 0 (14) 

V 0 0 AciJ 

with nig the gluino mass and Cg, coefficients order 1 (typically 5 and 
CA — !)• 

We go to the SGKM basis after diagonalizing all the Yukawa matrices (that 
is, K.Yd.K"^ = Md/vi). In this basis, we obtain the tri-linear couplings as, 

Yd^ ={ca^-K- Diag (Ac . , 

+Cg (15) 

Prom this equation we can get the L-R down squark mass matrix = 

vi Y^ — tan (3 Md- And finally using unitarity of K we obtain for the L-R 
Mass Insertions, 

(4r)u = ^ (% (caA^i + cg m*g) - 

V 3 » 

SijjdeYi^ tan/3 T Ki^ ca ~ ^4^ ^ 

K*^ CA {A*c. - A*c.j) (16) 

where m| is an average squark mass and the quark mass. The same rotation 
must be applied to the L— L and R-R squark mass matrices, 

= K . M^(Mm) • 

= K . MliMw) ■ 



(17) 
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However, the off-diagonal MI in these matrices are sufficiently small in this case 
thanks to the universal and dominant contribution from gluino to the squark 
mass matrices in the RGB. 

At this point, with the explicit expressions for we can study the 

gluino mediated contributions to EDMs and e'/e. In this non-universal scenario, 
it is relatively easy to maintain the SUSY contributions to the EDM of the 
electron and the neutron below the experimental bounds while having large 
SUSY phases that contribute to e'/e. This is due to the fact the EDM are 
mainly controled by flavor-diagonal MI, while gluino contributions to e' je are 
controled by and Here, we can have a very small phase for 

phases 0(1) for the off-diagonal elements without any 
fine-tuning [37]. It is important to remember that the observable phase is always 
the relative phase between these mass insertions and the relevant gaugino mass 
involved. In (16) we can see that the diagonal elements tend to align with the 
gluino phase, hence to have a small EDM, it is enough to have the phases of the 
gauginos and the jj, term approximately equal, as = a\ = —<fn. However o ;2 and 
Q !3 can still contribute to off-diagonal elements. In Fig. 1 we show the allowed 
values for as, a 2 and as, assuming ai = = 0. We impose the EDM, and 

b ^ bounds separately for gluino and chargino contributions together with 




0 tz/2 k 3tz/2 2k 

Fig. 1. Allowed values for a2-as' (open circles) and as-as (stars) 
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m 3/2 (GeV) 

Fig. 2. versus TO 3/2 for experimentally allowed regions of the SUSY parameter 

space 



the usual bounds on SUSY masses. We can see that, similarly to the CMSSM 
situation, is constrained to be very close to the gluino and chargino phases 
(in the plot as — 0,n), but 02 and 03 are completely unconstrained. 

Finally, in Fig. 2, we show the effects of these phases in the Ml 

as a function of the gravitino mass. All the points in this plot satisfy all CP- 
conserving constraints besides EDM and ek constraints. We must remember 
that a value of |Im(( 5 f 2 )i_R.| 10^® gives a significant contribution to e'/e. In 

this plot, we can see a large percentage of points above or close to 1 x 10^® . Hence, 
we can conclude that, in the presence of new flavor structures in the SUSY soft- 
breaking terms, it is not difficult to obtain sizeable SUSY contributions to CP 
violation observables and specially to e'/e [32,37].^ 



^ With these L—R mass insertions alone, it is in general difficult to saturate ek [20]. 
However, in some special situations, it is still possible to have large contributions 
[29,40]. On the other hand, the L-L mass insertions can naturally contribute to ek 
[41] 
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4 Conclusions and Outlook 

Here we summarize the main points of this talk: 

• Flavor and CP problems constrain low-energy SUSY, but, at the same time, 
provide new tools to search for SUSY indirectly. 

• In all generality, we expect new CP violating phases in the SUSY sector. 
However, these new phases are not going to produce sizeable effects as long 
as the SUSY model we consider does not exhibit a new flavor structure in 
addition to the SM Yukawa matrices. 

• In the presence of a new flavor structure in SUSY, we showed that large 
contributions to CP violating observables are indeed possible. 

In summary, given the fact that LEP searches for SUSY particles are close 

to their conclusion and that for Tevatron it may be rather challenging to find 

a SUSY evidence, we consider CP violation a potentially precious ground for 

SUSY searches before the advent of the “SUSY machine”, LHC. 
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Abstract. We review our recent development of family replicated gauge group model, 
which generates the Large Mixing Angle MSW solution. The model is based on each 
family of quarks and leptons having its own set of gauge fields, each containing a 
replica of the Standard Model gauge fields plus a (B — L)-coupled gauge field. A fit 
of all the seventeen quark-lepton mass and mixing angle observables, using just six 
new Higgs field vacuum expectation values, agrees with the experimental data order of 
magnitudewise. However, this model can not predict the baryogenesis in right order, 
therefore, we discuss further modification of our model and present a preliminary result 
of baryon number to entropy ratio. 



1 Introduction 

We have previously attempted to fit all the fermion masses and their mixing 
angles [1,2] including baryogenesis [3] in a model without supersymmetry or 
grand unification. This model has the maximum number of gauge fields con- 
sistent with maintaining the irreduciblity of the usual Standard Model fermion 
representations, added three right-handed neutrinos. The predictions of this pre- 
vious model are in order of magnitude agreement with all existing experimental 
data, however, only provided we use the Small Mixing Angle MSW [4] (SMA- 
MSW) solution. But, for the reasons given below, the SMA-MSW solution is 
now disfavoured by experiments. So here we review a modified version of the 
previous model, which manages to accommodate the Large Mixing Angle MSW 
(LMA-MSW) solution for solar neutrino oscillations using 6 additional Higgs 
fields (relative to the Standard Model) vacuum expectation values (VEVs) as 
adjustable parameters. 

A neutrino oscillation solution to the solar neutrino problem and a favouring 
of the LMA-MSW solution is supported by SNO results [5]: The measurement 
of the **B and hep solar neutrino fluxes shows no significant energy dependence 
of the electron neutrino survival probability in the Super-Kamiokande and SNO 
energy ranges. 

Moreover, the important result which also supports LMA-MSW solution on 
the solar neutrino problem, reported by the Super-Kamiokande collaboration [6], 
that the day-night asymmetry data disfavour the SMA-MSW solution at the 95% 

C.L.. 
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In fact, global analyses [7,8,9,10] of all solar neutrino data have confirmed 
that the LMA-MSW solution gives the best fit to the data and that the SMA- 
MSW solution is very strongly disfavoured and only acceptable at the 3cr level. 
Typical best fit values of the mass squared difference and mixing angle param- 
eters in the two flavour LMA-MSW solution are A'itiq » 4.5 X 10 ® eV^ and 
tan^ 9q 0.35. 

This paper is organised as follows: In the next section, we present our gauge 
group - the family replicated gauge group - and the quantum numbers of fermion 
and Higgs fields. Then, in section 3 we discuss our philosophy of all gauge- and 
Yukawa couplings at Planck scale being of order unity. In section 4 we address 
how the family replicated gauge group breaks down to Standard Model gauge 
group, and we add a small review of see-saw mechanism. The mass matrices 
of all sectors are presented in section 5, the renormalisation group equations - 
renormalisable and also 5 dimensional non-renormalisable ones - are shown in 
section 6. The calculation is described in section 7 and the results are presented in 
section 8. We discuss further modification of our model and present a preliminary 
results of baryon number to entropy ratio in section 9. Finally, section 10 contains 
our conclusion. 

2 Quantum Numbers of Model 

Our model has, as its back-bone, the property that there are generations (or 
families) not only for fermions but also for the gauge bosons, i.e., we have a 
generation (family) replicated gauge group namely 

,4,,3(^MG'iXt/(l)«_,.d , (1) 

where SMG denotes the Standard Model gauge group = SU (3) x SU (2) x (7 (1), 
X denotes the Cartesian product and i runs through the generations, * = 1, 2, 3. 

Note that this family replicated gauge group, (1), is the maximal gauge group 
under the following assumptions: 

• It should only contain transformations which change the known 45 (= 3 gen- 
erations of 15 Weyl particles each) Weyl fermions of the Standard Model and 
the additional three heavy see-saw (right-handed) neutrinos. That is our gauge 
group is assumed to be a subgroup of U (48). 

• We avoid any new gauge transformation that would transform a Weyl state 
from one irreducible representation of the Standard Model group into another 
irreducible representation: there is no gauge coupling unification. 

• The gauge group does not contain any anomalies in the gauge symmetry - 
neither gauge nor mixed anomalies even without using the Green- Schwarz 
anomaly cancelation mechanism. 

• It should be as big as possible under the foregoing assumptions. 

The quantum numbers of the particles/flelds in our model are found in Table 
1 and use of the following procedure: In Table 1 one finds the charges under the 
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Table 1. All U{1) quantum charges in the family replicated model. The symbols for 
the fermions shall be considered to mean “proto” -particles. Non-abelian representations 
are given by a rule from the abelian ones (see (2)). 
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2 



six U{1) groups in the gauge group 1. Then for each particle one should take 
the representation under the SU (2)j and SU (3)j groups {i = 1, 2, 3) with lowest 
dimension matching to r/j/2 according to the requirement 

l+f + 1=0 (modi) , (2) 

where tj and di are the triality and duality for the i’th proto- generation gauge 
groups SU (3)j and SU (2)j respectively. 

3 The Philosophy of All Couplings Being Order Unity 

Any realistic model and at least certainly our model tends to get far more fun- 
damental couplings than we have parameters in the Standard Model and thus 
pieces of data to fit. This is especially so for our model based on many U{1) 
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charges [11] because we take it to have practically any not mass protected par- 
ticles one may propose at the fundamental mass scale, taken to be the Planck 
mass. Especially we assume the existence of Dirac fermions with order of fun- 
damental scale masses needed to allow the quark and lepton Weyl particles to 
take up successively gauge charges from the Higgs fields VEVs. So unless we 
make assumptions about the many coupling constants and fundamental masses 
we have no chance to predict anything. Almost the only chance of making an 
assumption about all these couplings, which is not very model dependent, is to 
assume that they are all of order unity in the fundamental unit. This is the 
same type of assumption that is really behind use of dimensional arguments to 
estimate sizes of quantities. A procedure very often used successfully. If we re- 
ally assumed every coupling and mass of order unity we would get the effective 
Yukawa couplings of the quarks and leptons to the Weinberg-Salam Higgs field 
to be also of order unity what is phenomenologically not true. To avoid this 
prediction we then blame the smallness of all but the top- Yukawa coupling on 
smallness in fundamental Higgs VEVs. That is to say we assume that the VEVs 
of the Higgs fields in Table 1, p, uj, T, W, x, 4>b-l and fws are (possibly) very 
small compared to the fundamental/Planck unit, and these are the quantities 
we have to fit. 

Technically we implement these unknown - but of order unity according to 
our assumption - couplings and masses by a Monte Carlo technique: we put 
them equal to random numbers with a distribution dominated by numbers of 
order unity and then perform the calculation of the observable quantities such 
as quark or lepton masses and mixing angles again and again. At the end we 
average the logarithmic of these quantities and exponentiate them. In this way 
we expect to get the typical order of magnitude predicted for the observable 
quantities. In praxis we do not have to put random numbers in for all the many 
couplings in the fundamental model, but can instead just provide each mass 
matrix element with a single random number factors. 

After all a product of several of order unity factors is just an order unity 
factor again. To resume our model philosophy: Only Higgs field VEVs are not 
of order unity. We must he satisfied with order of magnitude results. 



4 Breaking of the Family Replicated Gauge Group 
to the Standard Model 

The family replicated gauge group broken down to its diagonal subgroup at 
scales about one or half order of magnitude under the Planck scale by Higgs 
fields - W, T, uj, p and y (in Table 1): 

,4,, 3 {SMGi X ^ SMG X U{1)b-l ■ (3) 

This diagonal subgroup is further broken down by yet two more Higgs fields 
— the Weinberg-Salam Higgs field fiws and another Higgs field 4>b-l — to 
SU{2.) X t/(l)e„. 
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4.1 See- Saw Mechanism 

See-saw mechanics is build into our model to fit the scale of the neutrino oscilla- 
tions, i.e., we use the right-handed neutrinos with heavy Majorana masses (10^^ 
GeV). 

In order to mass-protect the right-handed neutrino from getting Planck scale 
masses, we have to introduce 4>b-l which breaks the B — L quantum charge 
spontaneously, and using this new Higgs filed we are able to deal the neutrino 
oscillations, i.e., to fit the scale of the see-saw particle masses. However, due 
to mass-protection by the Standard Model gauge symmetry, the left-handed 
Majorana mass terms should be negligible in our model. Then, naturally, the 
light neutrino mass matrix - effective left-left transition Majorana mass matrix 
- can be obtained via the see-saw mechanism [12]: 

. (4) 



5 Mass Matrices 

Using the U{1) fermion quantum charges and Higgs field (presented in Table 1) 
we can calculate the degrees of suppressions of the left-right transition - Dirac 
mass - matrices and also Majorana mass matrix (right- right transition). 

Note that the random complex order of unity numbers which are supposed to 
multiply all the mass matrix elements are not represented in following matrices: 
the up-type quarks: 

(IUt)2yX 

Mu - ^ ' (a;t)4ppptr2 (tut)2y (5) 

y (t^t)4p 1 pptyt J 

the down-type quarks: 

, , . / u;3lU(Tt)2 cup^W{T^)^ cup^T^\ 

/ 2^^(yt)2 pp(yt)2 y3 (g) 

\cu^pW\T^)* ppy J 

the charged leptons: 

, . / (cu^fp^W{T^y (cu^fp^WT*x\ 

6(^t)3l4/('J't)2 H/('j't)2 (7) 

^2 yu;6(^t)3(ppt)2y4 (kpt)2r4 ppy J 

the Dirac neutrinos: 

MD ^ W^T“^x (8) 

v2 \(pt)3pptrt^t yptyt j 

and the Majorana (right-handed) neutrinos: 

({p^nxP^ {p^fx\ 

MRC^{4>.M{p^f{x^f (yt)2 

V (P^)V 1 / 



( 9 ) 
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6 Renormalisation Group Equations from Planck Scale 
to Week Scale via See-Saw Scale 



It should be kept in mind that the effective Yukawa couplings for the Weinberg- 
Salam Higgs held, which are given by the Higgs held factors in the above mass 
matrices multiplied by order unity factors, are the running Yukawa couplings 
at a scale near the Planck scale. In this way, we had to use the renormalisation 
group (one-loop) /3-functions to run these couplings down to the experimentally 
observable scale which we took for the charged fermion masses to be compared to 
“measurements” at the scale of 1 GeV, except for the top quark mass prediction. 
We define the top quark pole mass: 

+ , ( 10 ) 



where we put M = 180 GeV for simplicity. 

We use the one-loop j3 functions for the gauge couplings and the charged 
fermion Yukawa matrices [13] as follows: 



IGtt 



IGtt 



2 ^'9l 
dt 
2 ^92 



41 

10 



9l 



dt 



19 

16 



ff2 



167t 2— =-7fff 
dt ® 



+ 'i - ( ^9i + -^92 + 8^3 






+ 1). 



-^9i + -^92 + 8^3 






+ 



9 2^9 2 

4 < 7 i + -^92 






Yu 



Yo 






= Tr(3rJr„ + 3rJr^ + rjr^) , 



( 11 ) 



where t = In/c. 

By calculation we use the following initial values of gauge coupling constants: 



U{1): 


/7i(Mz) =0.462 , 


^l( Afpianck) 


= 0.614 


(12) 


SU{2) : 


ff2(Mz)= 0.651 , 


^2 (-^Planck) 


= 0.504 


(13) 


S'[/(3) : 


g^{Mz) = 1.22 , 


5T3(Mpianck) 


= 0.491 


(14) 
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6.1 The Renormalisation Group Equations 
for the Effective Neutrino Mass Matrix 

The effective light neutrino masses are given by an irrelevant, nonrenormalis- 
able (5 dimensional term) - effective mass matrix Mes ^ for which the running 
formula is [14]: 

16^2^^ = {-^gl+2X+2Ys)M,s-^{M,s {Y^Y^f + (Y^Y^) , (15) 

where A is the Weinberg-Salam Higgs self-coupling constant and the mass of the 
Standard Model Higgs boson is given by = A {4>ws)‘^ ■ We just for simplicity 
take Mh =115 GeV thereby we ignore the running of the Higgs self-coupling 
and fixed as A = 0.2185. 

Note that the renormalisation group equations are used to evolve the effective 
neutrino mass matrix from the see-saw sale, set by {4>b-l) in our model, to 
1 GeV. 

7 Method of Numerical Computation 

In the philosophy of order unity numbers spelled out in Sect. 3 we evaluate the 
product of mass-protecting Higgs VEVs required for each mass matrix element 
and provide it with a random complex number, Ajj, of order one as a factor 
taken to have Gaussian distribution with mean value zero. But we hope the 
exact form of distribution does not matter much provided we have (In |Aij |) =0. 
In this way, we simulate a long chain of fundamental Yukawa couplings and 
propagators making the transition corresponding to an effective Yukawa coupling 
in the Standard Model and the parameters in neutrino sector. In the numerical 
computation we then calculate the masses and mixing angles time after time, 
using different sets of random numbers and, in the end, we take the logarithmic 
average of the calculated quantities according to the following formula: 

(m) = exp j . (16) 

Here (m) is what we take to be the prediction for one of the masses or mixing 
angles, is the result of the calculation done with one set of random number 
combinations and N is the total number of random number combinations used. 

Since we only expect to make order of magnitude fits, we should of course 
not use ordinary defined form the experimental uncertainties by rather the 
that would correspond to a relative uncertainly - an uncertain factor of order 
unity. Since the normalisation of such a y^ is not so easy to choose exactly we 
define instead a quantity which we call the goodness of fit (g.o.f.). Since our 
model can only make predictions order of magnitude wise, this quantity g.o.f. 
should only depend on the ratios of the fitted masses and mixing angles to the 
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Table 2. Best fit to conventional experimental data. All masses are running masses 
at 1 GeV except the top quark mass which is the pole mass. Note that we use the 
square roots of the neutrino data in this table, as the fitted neutrino mass and mixing 
parameters (m), in our goodness of fit (g.o.f.) definition, (17). 





Fitted 


Experimental 


niu 


4.4 MeV 


4 MeV 


m,d 


4.3 MeV 


9 MeV 


TOe 


1.0 MeV 


0.5 MeV 


nic 


0.63 GeV 


1.4 GeV 


nis 


340 MeV 


200 MeV 


nip 


80 MeV 


105 MeV 


Mt 


208 GeV 


180 GeV 


nib 


7.2 GeV 


6.3 GeV 


m-r 


1.1 GeV 


1.78 GeV 


K. 


0.093 


0.22 


Hct 


0.027 


0.041 


Vub 


0.0025 


0.0035 


Am,Q 


9.5 X lO^'" eV^ 


4.5 X 10^® eV® 


^^atm 


2.6 X 10^® eV® 


3.0 X 10^® eV® 


tan^ 9q 


0.23 


0.35 


tan ^^atm 


0.65 


1.0 


tan^ 6 >i3 


4.8 X 10^® 


< 2.6 X 10^® 


g.o.f. 


3.63 


- 



experimentally determined masses and mixing angles: 



g.o.f. = ^ 



In 



( (ni) 

\ I^xp 



(17) 



where mgxp are the corresponding experimental values presented in Table 2. 

We should emphasise that we do not adjust the order of one numbers by 
selection, i.e., the complex random numbers are needed for only calculational 
purposes. That means that we have only six adjustable parameters - VEVs 
of Higgs fields - and, on the other hand, that the averages of the predicted 
quantities, (m), are just results of integration over the “dummy” variables - 
random numbers - therefore, the random numbers are not at all parameters! 

Strictly speaking, however, one could consider the choice of the distribution 
of the random order unity numbers as parameters. But we hope that provided 
we impose on the distribution the conditions that the average be zero and the 
average of the logarithm of the numerical value be zero, too, any reasonably 
smooth distribution would give similar results for the (m) values at the end. In 
our early work [2] we did see that a couple of different proposals did not make 
too much difference. 
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8 Results 

We averaged over N = 10, 000 complex order unity random number combina- 
tions. These complex numbers are chosen to be a number picked from a Gaussian 
distribution, with mean value zero and standard deviation one, multiplied by a 
random phase factor. We put them as factors into the mass matrices (5-9). Then 
we computed averages according to (16) and used (17) as a to fit the 6 free 
parameters and found: 

{4>y^s) = 246 GeV, {4>s-l) = 1-64 x 10^^ GeV, (u;) = 0.233, 

(p) = 0.246 , {W) = 0.134 , (T) = 0.0758 , (y) = 0.0737 , (18) 

where, except for the Weinberg-Salam Higgs field and {4>b-l), the VEVs are 
expressed in Planck units. Hereby we have considered that the Weinberg-Salam 
Higgs field VEV is already fixed by the Fermi constant. The results of the best 
fit, with the VEVs in (18), are shown in Table 2 and the fit has g.o.f. = 3.63. 

We have 11 = 17 — 6 degrees of freedom - predictions - leaving each of 
them with a logarithmic error of y^3. 63/11 0.57, which is very close to the 

theoretically expected value 64% [15]. This means that we can fit all quantities 

within a factor exp ^y^3. 63/11^ 1.78 of the experimental values. 

Prom the Table 2 the experimental mass values are a factor two higher than 
predicted for down, charm and for the Gabibbo angle E„s while they are smaller 
by a factor for strange and electron. Thinking only on the angles and masses 
(not squared) the agreement is in other cases better than a factor two. 

Experimental results for the values of neutrino mixing angles are often pre- 
sented in terms of the function sin^ 20 rather than tan^ 0 (which, contrary to 
sin^ 20, does not have a maximum at 0 = tt/ 4 and thus still varies in this re- 
gion) . Transforming from tan^ 0 variables to sin^ 20 variables, our predictions for 



the neutrino mixing angles become: 

sin^26>o =0.61, (19) 

sin2 2<?atm = 0.96, (20) 

sin2 26>i3 =0.17. (21) 

We also give here our predicted hierarchical neutrino mass spectrum: 

mi = 4.9xl0^‘^ eV, (22) 

m 2 = 9.7xl0^® eV, (23) 

m3 = 5.2xl0^2 gv. (24) 



Our agreement with experiment is excellent: all of our order of magnitude 
neutrino predictions lie inside the 99% G.L. border determined from phenomeno- 
logical fits to the neutrino data, even including the GHOOZ upper bound. Our 
prediction of the solar mass squared difference is about a factor of 2 larger than 
the global data fit even though the prediction is inside of the LMA-MSW re- 
gion, giving a contribution to our goodness of fit of g.o.f. 0.14. Our GHOOZ 
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angle also turns out to be about a factor of 2 larger than the experimental limit 
at 90% C.L., delivering another contribution of g.o.f. » 0.14. In summary our 
predictions for the neutrino sector agree extremely well with the data, giving a 
contribution of only 0.34 to g.o.f. while the charged fermion sector contributes 
3.29 to g.o.f.. 

8.1 CP Violation 

Since we have taken our random couplings to be - whenever allowed - complex 
we have order of unity or essentially maximal (QP- violation so a unitary triangle 
with angles of order one is a success of our model. After our fitting of masses 
and of mixings we can simply predict order of magnitudewise of (QP- violation 
in e.g. — K^ decay or in CKM and MNS mixing matrices in general. 

The Jarlskog area Jqp provides a measure of the amount of CP violation 
in the quark sector [16] and, in the approximation of setting cosines of mixing 
angles to unity, is just twice the area of the unitarity triangle: 

Jcp — ^ch ^uh sin ^ t 

where 5 is the CP violation phase in the CKM matrix. In our model the quark 
mass matrix elements have random phases, so we expect 5 (and also the three 
angles a, (3 and 7 of the unitarity triangle) to be of order unity and, taking an 
average value of | sindj « 1 / 2 , the area of the unitarity triangle becomes 

Jcp ^ ^VusVcbVub ■ (26) 

Using the best fit values for the CKM elements from Table 2, we predict Jqp ~ 

3.1 X 10^® to be compared with the experimental value (2 — 3.5) x 10^®. Since 

our result for the Jarlskog area is the product of four quantities, we do not 
expect the usual ±64% logarithmic uncertainty but rather ±a/4 • 64% = 128% 
logarithmic uncertainty. This means our result deviates from the experimental 
value by ln( g )/l-28 = 1.7 “standard deviations”. 

The Jarlskog area has been calculated from the best fit parameters in Table 
2, it is also possible to calculate them directly while making the fit. So we have 
calculated Jqp for N = 10, 000 complex order unity random number combina- 
tions. Then we took the logarithmic average of these 10, 000 samples of Jqp and 
obtained the following result: 



Jcp = 3.1 X 10-® , (27) 

in good agreement with the values given above. 

8.2 Neutrinoless Double Beta Decay 

Another prediction, which can also be made from this model, is the electron 
“effective Majorana mass” - the parameter in neutrinoless beta decay - defined 
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by: 



|(m)| 



3 



( 28 ) 



U=i I 

where nii are the masses of the neutrinos i/i and Uf-i are the MNS mixing matrix 
elements for the electron flavour to the mass eigenstates i. We can substitute 
values for the neutrino masses ruj from (22-24) and for the fitted neutrino mixing 
angles from Table 2 into the left hand side of (28). As already mentioned, the 
CP violating phases in the MNS mixing matrix are essentially random in our 
model. So we combine the three terms in (28) by taking the square root of the 
sum of the modulus squared of each term, which gives our prediction: 



|(m)| « 3.1 X 10^^ eV. (29) 

In the same way as being calculated the Jarlskog area we can compute using 
N = 10,000 complex order unity random number combinations to get the |(m)|. 
Then we took the logarithmic average of these 10, 000 samples of |(m)| as usual: 

|(m)| = 4.4 X 10^2 eV. (30) 



This result does not agree with the central value of recent result - “evidence” - 
from the Heidelberg-Moscow collaboration [17]. 



9 Baryogenesis via Lepton Number Violation 

Having now a well fitted model giving orders of magnitude for all the Yukawa 
couplings and having the see-saw mechanism, it is obvious that we ought to 
calculate the amount of baryons Tg relative to entropy being produced via the 
Fukugita-Yanagida mechanism [18]. According to this mechanism the decay of 
the right-handed neutrinos by (YP- violating couplings lead to an excess of the 
B — L charge (meaning baryon number minus lepton number), the relative ex- 
cess in the decay from Majorana neutrino generation number i being called Cj. 
This excess is then immediately - and continuously back and forth - being con- 
verted partially to a baryon number excess, although it starts out as being a 
lepton number L asymmetry, since the right-handed neutrinos decay to leptons 
and Weinberg-Salam Higgs particles. It is a complicated discussion to estimate 
to what extend the B — L as}unmetry is washed out later in the cosmological 
development, but our estimates goes that there is not enough baryon number 
excess left to fit the Big Bang development at the stage of formation of the light 
elements primordially (nuclearsynthesis). 

Recently we have, however, developed a modified version [19] of our model 
- only deviating in the right-handed sector - characterized by changing the 
quantum numbers assumed for the see-saw scale producing Higgs held 4 > b-l in 
such a way that the biggest matrix elements in the right-handed mass matrix (9) 
becomes the pair of - because of the symmetry - identical off diagonal elements 
(row, column)=(2,3) and (3,2). Thereby we obtain two almost degenerate right- 
handed neutrinos and that helps for making the B — L as}unmetry in the decay 




Family Replicated Fit of All Quark and Lepton Masses and Mixings 117 

bigger. In this modified model that turns out to fit the rest of our predictions 
approximately equally well or even better we then get a very satisfactory baryon 
number relative to entropy prediction 

Yb » 2.5 X . (31) 

In the same time as making this modification of the 4>b-l quantum numbers 
we also made some improvements in the calculation by taking into account the 
running of the Dirac neutrino Yukawa couplings from the Planck scale to the 
corresponding right-handed neutrino scales. Also, we calculated more accurate 
dilution factors than previous our work [3]. However, foregoing work was based 
on the mass matrices which predicted the SMA-MSW, so we must investigate 
the baryogenesis using the present mass matrices, of course, with the modified 
right-handed Majorana mass matrix. 

10 Conclusion 

We have reviewed our model which is able to predict the experimentally favored 
LMA-MSW solution rather than the SMA-MSW solution for solar neutrino os- 
cillations after careful choice of the U{1) charges for the Higgs fields causing 
transitions between 1st and 2nd generations. However, the fits of charged lepton 
quantities become worse compare to our “old” model that can predict SMA- 
MSW solar neutrino solution. On the other hand, we now can fit the neutrino 
quantities very well: the price paid for the greatly improved neutrino mass matrix 
fit - the neutrino parameters now contribute only very little to the g.o.f. - is a 
slight deterioration in the fit to the charged fermion mass matrices. In particular 
the predicted values of the quark masses nid and nic and the Cabibbo angle IQs 
are reduced compared to our previous fits. However the overall fit agrees with the 
seventeen measured quark-lepton mass and mixing angle parameters in Table 2 
within the theoretically expected uncertainty [15] of about 64%; it is a perfect 
fit order of magnitude wise. It should be remarked that our model provides an 
order of magnitude fit/understanding of all the effective Yukawa couplings of 
the Standard Model and the neutrino oscillation parameters in terms of only 6 
parameters - the Higgs field vacuum expectation values! 
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Nonleptonic Two Body B Decays 
and CP Violation 
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Abstract. We discuss perturbative QCD method to compute branching ratios of 
two body decay modes. We emphasize that penguin annihilation diagrams give non- 
negligible contributions. They also give final state interaction phases which in turn 
leads to large CP asymmetries in many two body decays. 



1 Introduction 

There are two curious questions: 

(1) Why does the factorization approximation work so well? For this question 
we refer the reader to [1] which describes the approximation and shows that it 
must be a first approximation to some systematic expansion. 

(2) Why penguin amplitudes are so large? The fact that Br{B — ^ Ktt) 

Br{B — t tttt) implies[2] that A(where A = sinl?c, the Cabibbo angle), 

while we would have guessed that this ratio is 

In this lecture I will introduce perturbative QCD(PQCD) method which 
attempts to understand these questions in a systematic manner. To introduce 
PQCD, it is most convenient to start with a discussion of the pion form factor. 

2 Feynman’s Approach 

In the seventies, Feynman visited Fermilab where I was a postdoc. He told me 
one day that he figured out how to look at the form factor with in the context 
of the parton model. His picture for pion form factor is given in Fig. 1. Consider 
a photon colliding with a pion head on and a final state pion flies off in the 
opposite direction. The only way for the final state to remain a pion is to hit a 
parton with x ^ 1, where the partons that were not hit are all “wee” partons 
and they don’t know which way they are going. These wee prtons could just 
as well be moving in the opposite direction. So, the final state is an opositely 
moving parton with x 1 and wee partons moving in the same direction. This 
state remains a pion. 

The pion form factor is related to the probability that all of its momentum is 
carried by a single parton. If Feynman is correct, form factors can not be com- 
puted with perturbative QCD, because the probability that the pion momentum 
is carried by a single parton requires a detailed knowledge of wee dynamics. Soft 
hadronic physics is highly non-perturbative. 
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Fig. 1. Feynman’s view of the pion form factor. Photon collides with the pion head on 
and the final state pion flies off in the opposite direction. The only way the final state 
remains a pion is to hit a parton with x I where the partons that were not hit are 
all “wee” partons and they don’t know which way they are going. So, the final state 
also remains a pion. 
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Fig. 2. QCD picture of the form factor, (a) The photon collides with a parton 
with momentum fraction x. (b) In general, it leads to a deep inelastic scattering 
7 T + “ 7 ” — s- anything, (c) In order for the final state to remain a pion, a hard gluon 
must be exchanged with the spectator parton and the parton which collided and got 
its momentum reversed, (d) To have a pion in the final state, momenta of these two 
partons must be aligned. 



To understand Feynman’s picture, let us write the analytic formula for the 
reaction shown in Fig. 2. 



( 1 ) 
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with 



rji-yl3]a6 

-^H 



\a/3 

{k2-k,)^ 



7m 



h 

{p-k^r 




( 2 ) 



This integral is infrared divrgent. Taking ki = x\P and = X 2 P', which 
leads to {k 2 — kif ^ xiX 2 , the above integral is dominated by the end-point 
regions xi, X 2 — ^ 0. In the region xi — ^ 0, the momentum carried by the other 
quark is (1 — xi)F or it carries all the momentum of the pion. Similarly, X 2 0 
is the region where the other quark carries all the momentum. Probably Feyn- 
man wrote this formula and realized that this integral contains an infrared 
divergence[3] near x 1. Feynman’s picture in which the major contribution 
to the integral comes from x 1 is obtained if the we can regulate his integral 
some how, and the infrared divergent region contributed most to the integral. 

This is the Fe}mman picture. We can not compute the form factor but it is 
related to the probability that a pion is in a state where one of the parton carries 
all the momentum of the pion. 

This picture is challenged by [4,5]. In [5], it was shown that when the end- 
point contributions are important, the transverse momenta kx_ of the partons 
must be taken into account, since {k 2 ~ k{f ^ —'ZX 1 X 2 P ■ P' + Zk 2 ±_ ■ ki^. 
The inclusion of the parton transverse degrees of freedom then leads to the 
existence of double logarithms 0 !sln^(Q/ky). The resummation of these double 
logarithms [5,6,7], which is required by QCD and gives a Sudakov form factor, 
strongly suppresses the end-point contributions where k 2 ^-ki^ is small. Thus the 
kinematic region favored by Feynman does not contribute very much. The major 
contribution comes from the region where the exchanged gluon in Fig. 2c is hard 
and which contains the dynamic of hard scattering can be computed by 

PQCD. All soft non-perturbative dynamics can be absorbed in wave functions. 

The suggestion that a form factor can be calculated in PQCD as an expansion 
in twists and in powers of the coupling constant was first made in [4]. The 
form factor F{Q) is then expressed as 

F{R) = '^l>%q)P{qq ■ qq)^%q) + • • • , ( 3 ) 



with Q a large energy scale. The first term contains leading-twsit (twist-2) con- 
tributions, and • • • represents those from higher Fock states, which are down by 
powers of Q in the light-cone gauge and by powers of a^. Hence, a Fock state 
with more partons is of higher twist. 

We have also found that some higher twist terms give important contributions 
and thus can not be neglected. For example, chiral s}unmetry demands that the 
pion wave function must contain 



4>Tr{x) =P4>a{x) +mo4>p{x) (4) 

where mo = — -f — . Since mo lAGeV, while it is strictly a higher twist term, 
we need to keep it since .3. 
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Fig. 3. The pion form factor computed in PQCD using too = lAGeV. Our message 
here is that the pion wave function can be chosen so thet the pion form factor is in the 
ball park of the experimental data. The figure was produced by K. Ukai. 



In Fig. 3 we show the pion form factor computed using PQCD where the pion 
wave function obtained by QCD sum rule has been used. Previous computations 
using similar method but without the component of the wave function which is 
proportional to toq have yielded result which is too small. 

3 Sudakov Form Factor 

Since the infrared singularity which was in the back of Feynman’s mind was 
avoided by the Sudakov factor, and it is rather crucial in the validity of the 
PQCD method, we shall discuss its physical meaning here. First let me point 
out that QCD requires us to put the Sudakov factor in. It is not something we 
put it in by hand. 

We all know that when an electron scatters off a photon with large Q^, the 
probability that it remains an electron vanishes with ^ oo. This is because 
it is bound to emit a collinear photon. So, the final state is an electron plus 
arbitrary many photons. The probability for the final state to remain an electron 
without any photon, is suppressed by the Sudakov form factor in QED. 

If a single quark has a hard interaction with momentum transfer Q^, the 
probability that it remains a single quark also vanishes as ^ oo. This is 
because the quark will emit collinear gluons. Just like in QED electron scatter- 
ing. If quark and anti-quark separated by a transverse distance b undergo hard 
scattering, then the probability for emitting a soft gluon depends on b. If b is 
small, it will not emit a collinear gluon, as they shield each other’s color quantum 
numbers - they are almost colorless. If b is large, it can emit a collinear gluon, 
because the quark and anti-quark can be seen as separate particles. So, we have 
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a b dependent Sudakov factor. If b is large, the Sudakov factor suppresses the 
amplitude for exclusive reaction because, by definition, exclusive reaction can 
not have gluons being emitted. If amplitude for large b is suppressed, in momen- 
tum space, it implies that small k± region is suppressed. Thus Sudakov form 
factor saves the amplitude from having infrared singularity. 

4 B ^ TV Transition Form Factor 

The same line of argument used in computing the pion form factor can be used 
for computing B — ^ tt transition form factor The relevant diagram is 

shown in Fig. 4. The result is depicted in Fig. 5. 

[8] has obtained a value, which is very small compared to the results obtained 
from light-cone QCD sum rules or from lattice QCD, which is F'^^(O) 0.3. This 

has led some authors to conclude that F'^^(O) is dominated by non-perturbative 
dynamics and PQCD prediction is incorrect. 

We point out that terms involving mo has been ignored and the asymptotic 
form for the pion wave function has been used in [8], in contradiction with the 
finding of the light cone sum rule. 




Fig. 4. The b quark is struck by the current and u quark flies out. The spectator quark 
exchanges a hard gluon and it lines itself with the fast u quark so that it forms a pion. 

formfactor 




Fig. 5. PQCD computation is valid for 0. It is seen that B meson wave function 
may be chosen so that PQCD computation is consistent with the extrapolation of the 
lattice result. This figure was produced by T. Kurimoto. 




124 Anthony I. Sanda 

5 B ^ Ktv 



We have presented some theoretical anticipations for the B — ^ Kn [9] and 
B — ^ TTTT decays [10] in the PQCD framework. Table 1 gives relative impor- 
tance of each amplitude which contribute to B — ^ Kn. B],: tree; B[f : pen- 
guin; : penguin annihilation. These are factorizable contributions and M’s 
are non-factorizable amplitudes. In factorization approximation, we ignore non- 
factorizable amplitudes. We see that this is indeed a good approximation. 

In factorization approximation, annihilation diagrams were assumed to be 
small. The reason for this assumption is that the form factor in the time like 
region is not known and the factorizable annihilation diagram can 

not be computed. We see that the penguin annihilation diagrams give a relatively 
large contribution which is imaginary and factorization approximation should fail 
here. 



Table 1 . The numerical value of amplitudes contributing to B° — s- K^tv decay. They 
will be multiplied by appropriate KM matrix elements. 



Be 


5.577 X 10^^ 


fF 


-5.537 X 10^2 


fF 


3.333 X 10“® -b i 3.181 x 10“2 


Me 


-0.942 X 10“® -b i 3.385 x 10“® 


mF 


2.931 X 10^® - i 1.304 x 10^^ 


mF 


-9.397 X 10^® - i 1.918 x 10^^ 



It can be seen that B[f, the penguin annihilation diagram gives relatively 
large imaginary part. 

This leads to our prediction that CPviolation: 



Br(B° ^ K+TT-) - Br(B° K-tt+) 

Br{B° K+n-) + Br(B'^ K-n+) 

Br{B° K+TT-) - Br(B° K-n+) 

Br(B+ ^ K+n°)+Br{B- K~n°) 



(15-30)% 

( 10 - 20 )% 



( 5 ) 



The range corresponds to possible variation in the KM phase (ps,. 



6 Summary 

We have described a PQCD method for computing two body B decays. We have 
just began to explore this method and still much work remains. Results depend 
crucially on hadron wave function we use. This is not surprising. Two body de- 
cays must depend on non-perturbative dynamics. Surprising thing is that the 
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Fig. 6. Fe'. tree and Fa penguin annihilation diagram. F^ produces large imaginary 
part to f? — s- Kti amplitude. It produces large CP asymmetry. 



non-perturbative effects can be introduced through hadronic wave functions. 
Once these wave functions are know then we understand these decays. In partic- 
ular, we now understand why vacuum saturation approximation works so well. 
The nonfactorizable diagrams M’s in Table 1 are small. Penguins are dynam- 
ically enhanced. We thus understand why penguins are larger than what we 
have originally guessed. Finally we predict large CP asymmetry, which is less 
sensitive to parameters in wave functions. 
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Abstract. 1 discuss the phase structure of strongly interacting matter at high tem- 
peratures and densities, as predicted by statistical QCD, and consider in particular the 
nature of the transition of hot hadronic matter to a plasma of deconfined quarks and 
gluons. 



1 Hadronic Matter and Beyond 

Hadrons have an intrinsic size, with a radius of about 1 fm. Hence a hadron needs 
a volume Vh = (47r/3)r| 4 fm^ to exist. This implies an upper limit to the 

density of hadronic matter, Uh < Uc, with n-c = ~ 0.25 fm“® 1.5 no, where 

no ~ 0.17 fm^^ denotes standard nuclear density. Fifty years ago, Pomeranchuk 
pointed out that this also leads to an upper limit for the temperature of hadronic 
matter [1]. An overall volume V = NVh causes the grand canonical partition 
function to diverge when T >Tc — l/r^, ~ 0.2 GeV. 

This conclusion was subsequently confirmed by more detailed dynamical ac- 
counts of hadron dynamics. Hagedorn proposed a self-similar composition pat- 
tern for hadronic resonances, the statistical bootstrap model, in which the de- 
generacy of a given resonant state is determined by the number of ways of par- 
titioning it into more elementary constituents [2]. The solution of this classical 
partitioning problem [3] is a level density increasing exponentially with mass, 
p{m) exp{am}, which leads to a diverging partition function for an ideal 
resonance gas once its temperature exceeds the value = 1/a, which turns 
out to be close to the pion mass. A yet more complete and detailed description 
of hadron dynamics, the dual resonance model, confirmed this exponential in- 
crease of the resonance level density [4,5]. While Hagedorn had speculated that 
Th might be an upper limit of the temperature of all matter, Cabbibo and Paris! 
pointed out that could be a critical temperature signalling the onset of a new 
quark phase of strongly interacting matter [6] . In any case, it seems clear today 
that hadron thermodynamics, based on what we know about hadron dynamics, 
contains its own intrinsic limit [7]. 

On one hand, the quark infrastructure of hadrons provides a natural expla- 
nation of such a limit; on the other hand, it does so in a new way, different from 
all previous reductionist approaches: quarks do not have an independendent ex- 
istence, and so reductionalism is at the end of the line, in just the way proposed 
by Lucretius. 

The limit of hadron thermod}mamics can be approached in two ways. One is 
by compressing cold nuclear matter, thus increasing the baryon density beyond 
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values of one baryon per baryon volume. The other is by heating a meson gas to 
temperatures at which collisions produce further hadrons and thus increase the 
hadron density beyond values allowing each hadron its own volume. In either 
case, the medium will undergo a transition from a state in which its constituents 
were colorless, i.e., color-singlet bound states of colored quarks and gluons, to 
a state in which the constituents are colored. This end of hadronic matter is 
generally referred to as deconfinement. 

The colored constituents of deconfined matter 

• could be massive constituent quarks, obtained if the liberated quarks dress 
themselves with gluon clouds; 

• or the liberated quarks could couple pairwise to form bosonic colored diquarks; 

• or the system could consist of unbound quarks and gluons, the quark-gluon 
plasma (QGP). 

One of the tasks of statistical QCD is to determine if and when these different 
possible states can exist. 

In an idealized world, the potential binding a heavy quark- antiquark pair 
into a color-neutral hadron has the form of a string, 

V(r) ar, (1) 

where a specifies the string tension. For r — ^ oo, V(r) also diverges, indicat- 
ing that a hadron cannot be dissociated into its quark constituents: quarks are 
confined. In a hot medium, however, thermal effects are expected to soften and 
eventually melt the string at some deconfinement temperature i/J,. This would 
provide the string tension with the temperature behavior 

a{T) 

with a as critical exponent for the order parameter u {'!'). For T < we then 
have a medium consisting of color-neutral hadrons, for T > I'c a plasma of 
colored quarks and gluons. The confinement/deconfinement transition is thus 
the QCD version of the insulator/conductor transition in atomic matter. 

In the real world, the string breaks when V (r) becomes larger than the energy 
of two separate color singlet bound states, i.e., when the ‘stretched’ hadron 
becomes energetically more expensive than two hadrons of normal size. It is thus 
possible to study the behavior of (2) only in quenched QCD, without dynamical 
quarks and hence without the possibility of creating new qq pairs. The result [8] 
is shown in Fig. 1, indicating that a 0.5. We shall return to the case of full 
QCD and string breaking in Sect. 4. 

The insulator-conductor transition in atomic matter is accompanied by a 
shift in the effective constituent mass: collective effects due to lattice oscillations, 
mean electron fields etc. give the conduction electron a mass different from the 
electron mass in vacuum. In QCD, a similar phenomenon is expected. At T = 0, 
the bare quarks which make up the hadrons ‘dress’ themselves with gluons to 



cr(0) [J'c 
0 



■If 



T < T,, 
T > T,, 



( 2 ) 




128 



Helmut Satz 



0.8 
0.7 
0.6 
0.5 
0.4 
0.3 
0.2 
0.1 
0 

0.8 0.85 0.9 0.95 1 

Fig. 1. Temperature dependence of the string tension in SU{S) gauge theory 




form constituent quarks of mass Mq 300 — 350 MeV. The mass of a nucleon 
then is basically that of three constituent quarks, that of the p meson twice 
Mq. With increasing temperature, as the medium gets hotter, the quarks tend 
to shed their dressing. In the idealized case of massless bare quarks, the QCD 
Lagrangian £qcd possesses chiral symmetry: four-spinors effectively reduce to 
two independent two-spinors. The dynamically created constituent quark mass 
at low T thus corresponds to a spontaneous breaking of this chiral symmetry, 
and if at some high T = T^ the dressing and hence the constituent quark mass 
disappears, the chiral symmetry of £qcd is restored. Similar to the string tension 
behavior of (2) we thus expect 

Mq{T) 

for the constituent quark mass: separates the low temperature phase of broken 

chiral symmetry and the high temperature phase in which this is restored, with 
b as the critical exponent for the chiral order parameter MqiT). 

An obvious basic problem for statistical QCD is thus the clarification of the 
relation between and T^. In atomic physics the electron mass shift occurs at 
the insulator-conductor transition; is that also the case in QCD? 

The deconfined QGP is a color conductor; what about a color superconduc- 
tor? In QED, collective effects of the medium bind electrons into Cooper pairs, 
overcoming the repulsive Coulomb force between like charges. These Cooper 
pairs, as bosons, condense at low temperatures and form a superconductor. In 
contrast to the collective binding effective in QED, in QCD there is already a 
microscopic (/(/-binding, coupling two color triplet quarks to an antitriplet di- 
quark. A nucleon can thus be considered as a bound state of this diquark with 



( Mq{0)[r^-'lf T<T^, 

\ 0 T >T^. 
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Fig. 2. Four-phase and three-phase structure for strongly interacting matter 



the remaining third quark, 

[3©3©3]i - [(3©3-^3)©3]i, (4) 

leading to a color singlet state. Hence QCD provides a specific dynamical mech- 
anism for the formation of colored diquark bosons and thus for color supercon- 
ductivity. This possibility [9] has created much interest and activity over the 
past few years [10]. 

We thus have color deconfinement, chiral symmetry restoration and diquark 
condensation as possible transitions of strongly interacting matter for increasing 
temperature and/or density. This could suggest a phase diagram of the form 
shown on the left in Fig. 2, with four different phases. The results of finite 
temperature lattice QCD show that at least at vanishing baryochemical potential 
(/i = 0) this is wrong, since there deconfinement and chiral symmetry restoration 
coincide, Tc = T/, as the corresponding transitions in atomic physics do. In 
Sect. 4 we shall elucidate the underl}4ng reason for this. 

A second guess could thus be a three-phase diagram as shown on the right in 
Fig. 2, and this is in fact not in contradiction to anything so far. In passing, we 
should note, however, that what we have here called the diquark state is most 
likely more complex and may well consist of more than one phase [10]. 

After this conceptual introduction to the states of strongly interacting mat- 
ter, we now turn to the quantitative study of QCD at finite temperature and 
vanishing baryochemical potential. In this case, along the fi, = 0 axis of the 
phase diagram 2, the computer simulation of lattice QCD has provided a solid 
quantitative basis. 
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2 Statistical QCD 

The fundamental dynamics of strong interactions is defined by the QCD La- 
grangian 

^QCD = -i {d^Al - - gfSrAlAlf - 91,A^) C’ 

/ 

(5) 

in terms of the gluon vector fields A and the quark spinors 'tp. The corresponding 
thermodynamics is obtained from the partition function 

Z{T, V) = J VA exp{-S'(H, T, V)}, (6) 

here defined as functional field integral, in which 

— r 

S{A/ip/ip;T,V) = / dr d^x jCqcu{r = ixo,x) (7) 

Jo Jv 

specifies the QCD action. As usual, derivatives of log lead to thermodynamic 
observables; e.g., the temperature derivative provides the energy density, the 
volume derivative the pressure of the thermal system. 

Since this system consists of interacting relativistic quantum fields, the eval- 
uation of the resulting expressions is highly non-trivial. Strong interactions (no 
small coupling constant) and criticality (correlations of all length scales) rule 
out a perturbative treatment in the transition regions, which are of course of 
particular interest. So far, the only ah initio results are obtained through the 
lattice formulation of the theory, which leads to something like a generalized 
spin problem and hence can be evaluated by computer simulation. A discussion 
of this approach is beyond the scope of this survey; for an overview, see e.g. 
[If]. We shall here just summarize the main results; it is to be noted that for 
computational reasons, the lattice approach is so far viable only for vanishing 
baryochemical potential, so that all results given in this section are valid only 
for jj, = 0. 

As reference, it is useful to recall the energy density of an ideal gas of massless 
pions of three charge states. 



e.(T) = ^3T4^n (8) 

to be compared to that of an ideal QGP, which for three massless quark flavors 
becomes 

cqcd('A) - 16 T\ (9) 

The corresponding pressures are obtained through the ideal gas form 3P(7') = 
e(7'). The main point to note is that the much larger number of degrees of 
freedom of the QGP as compared to a pion gas leads at fixed temperatures to 
much higher energy densities and pressures. 




States of Strongly Interacting Matter 131 



The energy density and pressure have been studied in detail in finite temper- 
ature lattice QCD with two and three light dynamical quark species, as well as 
for the more realistic case of two light and one heavier species. The results are 
shown in Fig. 3, where it is seen that in all cases there is a sudden increase from a 
state of low to one of high values, as expected at the confinement-deconfinement 
transition. To confirm the connection between the transition and the increase of 
energy density or pressure, we make use of the order parameters for deconfine- 
ment and chiral symmetry restoration; these first have to be specified somewhat 
more precisely than was done in the more conceptual discussion of Sect. 2. 




Fig. 3. Energy density and pressure in full QCD with light dynamical quarks 



In the absence of light dynamical quarks, for ^ oo, QCD reduces to pure 
SU(3) gauge theory; the potential between two static test quarks then has the 
form shown in (1) when T < I'c and vanishes for T > I'c- The Polyakov loop 
expectation value defined by 



(|L(T)|) ^ hm exp{-V{r,T)/T} 



0, confinement 

L{'r) > 0, deconfinement 



( 10 ) 



thus also constitutes an order parameter for the confinement state of the medium, 
and it is easier to determine than the string tension cr{T). In lattice QCD, 
L(T) becomes very similar to the magnetization in spin systems; it essentially 
determines whether a global Z3 € SU (3) symmetry of the Lagrangian is present 
or is spontaneously broken for a given state of the medium. 

In the other extreme, for ^ 0, Eqcd has intrinsic chiral symmetry, and 
the chiral condensate ("i/'Q) provides a measure of the effective mass term in 
£qcd- Through 



(QQ) 



K{'r) > 0, broken chiral symmetry, 
0, restored chiral symmetry. 



( 11 ) 
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we can determine the temperature range in which the state of the medium shares 
and in which it spontaneously breaks the chiral symmetry of the Lagrangian with 

rriq = 0 . 

There are thus two bona fide phase transitions in finite temperature QCD at 
vanishing baryochemical potential. 

For niq = 00 , L(T) provides a true order parameter which specifies the 
temperature range 0 < T < Tc in which the Z 3 symmetry of the Lagrangian 
is present, impl}dng confinement, and the range T > Tc, with spontaneously 
broken s}unmetry and hence deconfinement. 

For niq = 0, the chiral condensate defines a range 0 <T < in which the 
chiral symmetry of the Lagrangian is spontaneously broken (quarks acquire an 
effective dynamical mass), and one for T > in which (■0V’) (T) = 0, so that 
the chiral symmetry is restored. Lienee here (T) is a true order parameter. 

In the real world, the (light) quark mass is small but finite: 0 < niq < 00 . 
This means that the string breaks for all temperatures, even for T = 0, so that 
L{T) never vanishes. On the other hand, with niq ^ 0, the chiral symmetry of 
-CgcD is explicitly broken, so that (V’V’) never vanishes. It is thus not clear if 
some form of critical behavior remains, and we are therefore confronted by two 
basic questions: 

• how do L{T) and (■0V') ('J') behave for small but finite niql Is it still possible 
to identify transition points, and if so, 

• what if any relation exists between Tc and T^7 

In Fig. 4 we show the lattice results for two light quark species; it is seen that 
L{T) as well as (■0V’) (T) still experience very strong variations, so that clear 
transition temperatures can be identified through the peaks in the corresponding 
susceptibilities, also shown in the figure. Moreover, the two peaks occur at the 
same temperature; one thus finds here (and in fact for all small values of niq) that 




Fig. 4. The temperature dependence of the Polyakov loop L and the chiral condensate 
flip, as well as of the corresponding susceptibilities 
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Tc = T^, so that the two ‘quasi-criticah transitions of deconfinement and chiral 
s}mimetry restoration coincide. Although all lattice calculations are performed 
for non-vanishing bare quark mass in the Lagrangian, results obtained with 
different values can be extrapolated to the chiral limit = 0. The resulting 
transition temperatures are found to be Tc{Nf = 2) 175 MeV and Tc{Nf = 

3) ~ 155 MeV for two and three light quark flavors, respectively. The order of 
the transition is still not fully determined. For Nf = 3 light quark species, one 
obtains a first order transition. For two light flavors, a second order transition 
is predicted [ 12 ], but not yet unambiguously established. 



3 The Nature of Deconflnement 



In this last section I want to consider in some more detail two basic aspects 
which came up in the previous discussion of deconflnement: 

• Why do deconflnement and chiral symmetry restoration coincide for all (small) 
values of the input quark mass? 

• Is there still some form of critical behavior when niq ^ 0? 

Both features have recently been addressed, leading to some first and still some- 
what speculative conclusions which could, however, be more firmly established 
by further lattice studies. 

In the confined phase of pure gauge theory, we have L(T) = 0, the Polyakov 
loop as generalized spin is disordered, so that the state of the system shares the 
z ?3 symmetry of the Lagrangian. Deconflnement then corresponds to ordering 
through spontaneous breaking of this Z 3 symmetry, making L ^ 0. In going to 
full QCD, the introduction of dynamical quarks effectively brings in an external 
held H{mq), which in principle could order L in a temperature range where it 
was previously disordered. 

Since H — ^ 0 for niq — ^ 00 , F/ must for large quark masses be inversely 
proportional to niq. On the other hand, since L{'T) shows a rapid variation 
signalling an onset of deconflnement even in the chiral limit, the relation between 
H and niq must be different for niq — ^ 0. We therefore conjecture [13,14] that H 
is determined by the effective constituent quark mass Mq, setting 



mq + c(V'V’) ’ 

since the value of Mq is determined by the amount of chiral symmetry breaking 
and hence by the chiral condensate. From (12) we obtain 

• for niq — ^ 00 , iF — ^ 0 , so that we recover the pure gauge theory limit; 

• for niq — ^ 0 , we have 



(V’V’) 



large, H small, L disordered, for T <T^; 
small, H large, L ordered, for T > T^. 



(13) 
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Fig. 5. Temperature dependence of the Polyakov loop in the chiral and the pure gauge 
theory limits 



In full QCD, it is thus the onset of chiral symmetry restoration that drives the 
onset of deconfinement, by ordering the Polyakov loop at a temperature value 
below the point of spontaneous symmetry breaking [14]. In Fig. 5 we compare 
the behavior of L(T) in pure gauge theory to that in the chiral limit of QCD. 
In both cases, we have a rapid variation at some temperature Tc- This variation 
is for niQ — t oo due to the spontaneous breaking of the Z 3 symmetry of the 
Lagrangian dXT = 'T^; for niq — ^ 0, the Lagrangian retains at low temperatures 
an approximate Z 3 s}unmetry which is explicitly broken at by an external 
field which becomes strong when the chiral condensate vanishes. For this reason, 
the peaks in the Polyakov loop and the chiral susceptibility coincide and we have 
T^=Tc< T^. 

A quantitative test of this picture can be obtained from finite temperature 
lattice QCD. It is clear that in the chiral limit niq — ^ 0, the chiral susceptibilities 
(derivatives of the chiral condensate (V’'<A)) will diverge at T = If decon- 
finement is indeed driven by chiral symmetry restoration, i.e., if L{T, niq) = 
L{H(T), niq) with H{T) = H {{'tp'tp) (T)) as given in (12), than also the Polyakov 
loop susceptibilities (derivatives of L) must diverge in the chiral limit. More- 
over, these divergences must be governed by the critical exponents of the chiral 
transition. 

Preliminary lattice studies support our picture [14]. In Fig. 6 we see that 
the peaks in the Polyakov loop susceptibilities as function of the effective tem- 
perature increases as niq decreases, suggesting divergences in the chiral limit. 
Further lattice calculations for smaller niq (which requires larger lattices) would 
certainly be helpful. The question of critical exponents remains so far completely 
open, even for the chiral condensate and its susceptibilities. 

Next we want to consider the nature of the transition for 0 < niq < 00 . For 
finite quark mass neither the Polyakov loop nor the chiral condensate constitute 
genuine order parameters, since both are non-zero at all finite temperatures. Is 
there then any critical behavior? For pure SU (3) gauge theory, the deconfinement 
transition is of first order, and the associated discontinuity in L{T) at Tc cannot 
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Fig. 6. The Polyakov loop susceptibilities with respect to temperature Xk (left) and to 
quark mass Xm (right) as function of the temperature variable k = 6/g^ for different 
quark massses. 



disappear immediately for niq < oo. Hence in a certain mass range m® < niq < 
oo, a discontinuity in L{'T) remains; it vanishes for mjj at the endpoint TrX'm^q) in 
the T — niq plane; see Fig. 7. For niq = 0, we have the genuine chiral transition 
(perhaps of second order [12]) at which, as we just saw, leads to critical 
behavior also for the Polyakov loop, so that here Tc{niq = 0) = is a true 
critical temperature. What happens between Tc{niq) and Tc{niq = 0) = T^? 
The dashed line in Fig. 7 separating the hadronic phase from the quark-gluon 
plasma is not easy to define unambiguously: it could be obtained from the peak 
position of chiral and/or Polyakov loop susceptibilities [15], or from maximizing 
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Fig. 7. The phase structure of QCD (left) aud of the 3-d 3-state Potts model (right) 
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the correlation length in the medium [16]. In any case, it does not appear to be 
related to thermal critical behavior in a strict mathematical sense. 

An interesting new approach to the behavior along this line could be pro- 
vided by cluster percolation [17]. For spin systems without external field, the 
thermal magnetization transition can be equivalently described as a percolation 
transition of suitably defined clusters [18,19]. We recall that a system is said to 
percolate once the size of clusters reach the size of the system (in the infinite 
volume limit). One can thus characterize the Curie point of a spin system either 
as the point where with decreasing temperature spontaneous symmetry break- 
ing sets in, or as the point where the size of suitably bonded like-spin clusters 
diverges: the critical indices of the percolation transition are identical to those 
of the magnetization transition. 

For non- vanishing external field H, there is no more thermal critical behavior; 
for the 2d Ising model, as illustration, the partition function now is analytic. 
In a purely geometric description, however, the percolation transition persists 
for all H, but the critical indices now are those of random percolation and 
hence differ from the thermal (magnetization) indices. For the 3d three state 
Potts’ model (which also has a first order magnetization transition), the resulting 
phase diagram is shown on the right of Fig. 7; here the dashed line, the so- 
called Kertesz line [20], is defined as the line of the geometric critical behavior 
obtained from cluster percolation. The phase on the low temperature side of the 
Kertesz line contains percolating clusters, the high temperature phase does not 
[21]. Comparing this result to the T — niq diagram of QCD, one is tempted to 
speculate that deconfinement for 0 < niq < oo corresponds to the Kertesz line 
of QCD [22] . First studies have shown that in pure gauge theory, one can in fact 
describe deconfinement through Polyakov loop percolation [23,24]. It will indeed 
be interesting to see if this can be extended to full QCD. 

4 Summary 

We have seen that at high temperatures and vanishing baryon density, hadronic 
matter becomes a plasma of deconfined colored quarks and gluons. In contrast, 
at high baryon densities and low temperatures, one expects a condensate of col- 
ored diquarks. The quark-gluon plasma constitutes the conducting, the diquark 
condensate the superconducting phase of QCD. 

For vanishing baryon density, the deconfinement transition has been studied 
extensively in finite temperature lattice QCD. In pure SU{N) gauge theory 
(QCD for niq — ^ oo), deconfinement is due to the spontaneous breaking of a 
globel Zn s}unmetry of the Lagrangian and structurally of the same nature as 
the magnetization transition in Zjv spin systems. In full QCD, deconfinement is 
triggered by a strong explicit breaking of the Z]y symmetry through an external 
field induced by the chiral condensate (V’V’)- Hence for niq = 0 deconfinement 
coincides with chiral symmetry restoration. 

For finite quark mass, 0, <,mg, <,oo, it does not seem possible to define 
thermal critical behavior in QCD. On the other hand, spin systems under similar 
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conditions retain geometric cluster percolation as a form of critical behavior even 
when there is no more thermal criticality. It is thus tempting to speculate that 
cluster percolation will allow a definition of color deconfinement in full QCD as 
genuine but geometric critical behavior. 
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Abstract. The review of the essence and of application of recently devised ghost-free 
Analytic Perturbation Theory (APT) is presented. First, we discuss the main intrinsic 
problem of perturbative QCD - ghost singularities and with the resume of its resolving 
within the APT. By examples for diverse energy and momentum transfer values we 
show the property of better convergence for the APT modified QCD expansion. 

It is shown that in the APT analysis the three-loop contribution af) is nu- 
merically inessential. This gives raise a hope for practical solution of the well-known 
problem of non-satisfactory convergence of QFT perturbation series due to its asymp- 
totic nature. Our next result is that a usual perturbative analysis of time-like events is 
not adequate at s < 2 GeV^ . In particular, this relates to r decay. 

Then, for the “high” (/ = 5) region it is shown that the common NLO, NLLA 
perturbation approximation widely used there (at 10 GeV^y'i^lTO GeV) yields a 
systematic theoretic negative error of a couple per cent level for the d) ^ values. This 
results in a conclusion that the o.s {M'z) value averaged over the / = 5 data appreciably 
differs {as{Mz))f =5 — 0.124 from the currently popular “world average” (= 0.118). 

1 Introduction 

In this talk, we first discuss this main problem of the perturbative QCD (=pQCD) 
- the unphysical (so called “ghost” or “Landau”) singularities lying in the 
physically accessible domain and associated with the QCD scale parameter 

MS 

In practice, they complicate interpretation of data in the “small energy” and 
“small momentum transfer” regions (a/s, Q = -b 1.5 GeV). Meanwhile, 

as it is well known, their existence contradicts some basic statements of the local 
QFT. 

Then, we give a resume of this problem solution without any additional 
adjustable parameters within the Analytic Perturbation Theory (APT). To il- 
lustrate, we present some impressive results of the APT application for analysis 
of QCD observables. 

This contribution is based on our recent papers [1] and [2]. 

1.1 Common QCD Coupling and Observables 

The perturbative QCD contribution to an observable O in both the space- and 
time-like cases is usually taken in the form of two- or three-term expansion 

0(x) 

— — = l + r(x); r(x) = Cl ds(x) +C 2 dg +C 3 dg + . . . ; x = Q'^ or = s (1) 

Go 
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over powers of an effective QCD coupling ag which is of the same form in both 
the channels, e.g., in the three-loop case (see, [15]) at the massless MS scheme 



^( 3)1 



1 6i InL 



1 



[62(ln2L-lnL- l) + b2] + 



+ /?3L4 



&1 ( -ln®L + + 21nL - - ShihalnL + y 



L = (2) 



Here, for the beta-function coefficients we use the normalization 

= — ^0 — 1^1 ^ — i^‘1 ^ T • • ' ^ — /?o ^ (l T o T ^2 ^ T • • 



that is free of the tt powers. Numerically, they are of an order of unity 



/?o(/) 



33- 2/ 153- 19/ 

127T ’ 27t(33-2/)’ 



/?o(4±l) = 0.875 ±0.005; 5i(4±l) = 0.490 /o;q?6 



Meanwhile, in the RG formalism^ the notion of invariant coupling g{q) is de- 
fined only in the space-like domain. In particular, this means that if some ob- 
servable 0(Q'^) is a function of one invariant space-like argument ^ 0 and a 
coupling , then, due to its renormalization invariance, it should be a function 
of RG invariants only. In the one-coupling massless case it is a function of only 
one argument, the invariant coupling function g 

0{Q^lp\g^)=F{g{Q^lg\g^) with F{g) = 0{\,g). 

Just due to this important property, in the weak coupling case we deal with 
the functional expansion of an observable 0{Q‘^ ) in powers of g . This is a real 
foundation of QCD power expansion (1) in the Euclidean case with x = Qf . Kt 
the same time, inside the RG formalism, there is no natural means for defining an 
invariant coupling g[s) ] s = —Qf and perturbative expansion for an observable 
0(s) in the time-like region. 

Nevertheless, in current practice, people commonly use the same singular 
expression for the QCD effective coupling otg , like (2), in both the space- and 
time-like domains. The only price paid for the transferring from the Euclidean 
to Minkowskian region is the change of numerical expansion coefficients. The 
time-like ones Cfc >3 = dj. — include negative terms proportional to and 
lower expansion coefficients 

^3 = (7T/?o(/))^ (ci/3) , (l 4 = (7T/?o)^ (C 2 ± (5/6) &lCl) . . . . (3) 

These essential (as far as 7 t^/3'o(/ = 4 ± 1) = 4.340^'®23) structures 5k arise [7] 
- [10] in the course of analytic continuation from the Euclidean to Minkowskian 

^ For details, see, e.g., the chapter “Renormalization group” in the monograph [4], 
Appendix IX in the textbook [5] or Sect. 1 in [6]. 
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region. The coefficients dk are genuine ones as far as they are calculated via the 
relevant Feynman diagrams. 

To demonstrate the importance of the terms”, we give their values for 
the T-decay, the e+e^ hadron annihilation and the Zq decay - see Table 1. In 
our normalization (1), all coefficients Ck , dk and Sk are of an order of unity. In 
the / = 4,5 region the contribution S 3 , prevails in C 3 and |d 3 | -C |c 3 | . 

Table 1. Minkowskian Ck and Euclidean di expansion coefficients and their differ- 
ences Si. 



Process 


f 


Cl = di 


C 2 = d 2 


C 3 


di 


43 


44 


T decay 


3 


1/tt 


.526 


0.852 


1.389 


0.537 


5.01 




4 


.318 


.155 


-0.351 


0.111 


0.462 


2.451 




5 


.318 


.143 


-0.413 


-0.023 


0.390 


1.752 


Zo decay 




.318 


.095 


-0.483 


-0.094 


0.390 


1.576 



1.2 Unphysical Singularities Problem Resolving 



In QCD, the unphysical singularity lies in the quite physical, the infrared (IR) 
region. This means that, if one believes in QCD as in a consistent physically 
meaningful theory, one has no other choice as to treat these singularities as an 
artefact of some approximations used in current pQCD. This point of view is 
supported by lattice simulations and solution of Schwinger-Dyson equations - 
see, e.g.. Sect. 5.3. in a recent review [11]. 

To illustrate of the severe inconsistency of common pQCD practice of treating 
singularities, take the relation between the Adler function D and the cross- 
section ratio R 



D{Q^) 



, R{s)ds 

^ Jo (« + Q2)2- 



( 4 ) 



In the case of inclusive e+e^ hadron annihilation, R{s) is the ratio of cross- 
sections usually presented in the form R{s) = 1 + r(s) with a function r ex- 
pandable in Q!s(s) powers like in (1). In parallel, the Adler function is also used 
to be presented in the form D = 1 + d with d expanded in powers of Os(Q^) • 
Here, we face two paradoxes. 

First, ds{Q'^) , as expressed by (2), and, hence, the perturbative D{Q'^) 
obeys non-physical singularity at in evident contradiction with repre- 

sentation (4). Second, the integrand R{s) , being expressed via powers of ds{s) , 
obeys non-integrable singularities at ,s = , which makes the r.h.s. of (4) 

senseless. 

This second problem is typical of inclusive cross-sections, e.g., for the t 
hadronic decay. Generally, in the current literature it is treated in a very pe- 
culiar way - by shifting the integration contour from the real axis with strong 
singularities on it into a complex plane. However, such a “trick” cannot be jus- 
tified within the theory of complex variable. 





Ghost-Free APT Analysis of Perturbative QCD Observables 141 

Meanwhile, as it is known from the early 80s, the perturbation expansion (1) 
for the Minkowskian observable with the coefficients modified by the 7r^-terms 
is valid only at a small parameter 7r^/ln^(s/A^) values, that is in the region of 
sufficiently high energies W = a/s ^ ~ 2 GeV . Here, it is appropriate 

to remind “the RKP construction” devised [7, 8] in early 80s. There, the integral 
transformation 



■i /•«+*£ 

i?(s) = - / -Dp,{-z)^K[D{q^)] (5) 

reverse to the Adler relation (4) - that is treated now as an integral transforma- 
tion - 

R{s) ^ Z?(Q 2 ) = q 2 ^ D [R{s)} ( 6 ) 

was used in defining modified expansion functions 2lfc(s) = R [o}l{q^)] for the 
pQCD contribution 



r(s) = di2li(s) + d 22 l 2 (s) + ds^ 3 .{s) 



( 7 ) 



to an observable in the time-like region. 

At the one- loop level, with the common effective coupling = 

[/?oln(qVA2)]^^ one has 



(s) =R 






1 

— — arccos 
7 t/o 



L 

a/L2 T 7t2 



and for higher functions 



/o 



1 L 

— arctan — 

7T 7T 



; L 




( 8 ) 






(«) = 



/o' [A' 






(«) = 



/?3 [L2 



i2 ’ 






— 7t^/3 

/o [A2 +7 t2]® ’ 



(9) 

which are not powers of 2l^^^(s) . The r.h.s of (8) at L > 0 can also be presented 
in the form 



= arctan — 

tt/o L 

convenient for the UV analysis. Just this form was discovered in the early 80s 
in [12] and [7], while (9) in [7] and [8]. 

On the other hand, expression (8) was first discussed only 15 years later 
by Milton and Solovtsov [9]. Thee authors made an important observation that 
this expression represents a continuous monotone function without unphysical 
singularity and proposed to use it as an effective “Minkowskian QCD coupling” 
d(s) = 2li(s) in the time-like region. 

For the two-loop case, to the popular approximation 

f^o4%piQ^) = 1/^ - &i(/)lnl/l' ; 1 = In (QVA') 
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( 2 ) 

there corresponds [7,13] suitably modified expression apjp{s) with structures 
(L^ + 7t^) and ln(L^ + - see (11) in [2]. It is also possible to construct 

regular expression in the closed analytical form[14] corresponding to the 

exact two-loop solution expressed[15] via Lambert function. 

At L ^ 7T, by expanding and 2 I 2 of (9) in powers of we arrive at 

the TT^-terms (3). All these functions dAi2) monotonically decreasing with 
a finite IR value d(0) = l//?o(/ = 3) 1.4 . Higher functions go to zero in the 

IR limit 2lfc(0) = 0 ; A: > 2 . They have no singularity at L = 0. 

As it has been noticed in [1], by applying D (6) to functions 2lfe(s), instead 
of Os(Q^) powers, we obtain expressions D[2lfc(s)] = that are free of 

singularities. These functions have first been discussed at 90s [16] - [20] in the 
context of the “Analytic approach” to perturbative QCD. 

Therefore, this Analytic approach in the Euclidean region and the RKP for- 
mulation for Minkowskian observables can be united in the single scheme, the 
“Analytic Perturbation Theory” - APT, that has been formulated quite recently 
in [1]. 



2 The Analytic Perturbation Theory 



The APT scheme closely relates two ghost-free formulations of modified pertur- 
bation expansion for observables. 

The first one changes the usual power expansion (1) in the time-like region 
into the nonpower one (7). R uses operation (5), that is reverse R = [D]^^ 
to the one defined by the “Adler relation” (6) and transforms a real function 
K{s) of a positive (time-like) argument into a real function D{Q'^) of a positive 
(space-like) argument. 

By operation R , one can define [9] the RG-invariant Minkowskian coupling 
d(s) = R[os] , and its “effective powers” 21^ that are free of ghost singularities. 
They are are not powers of 21^^^ . Some examples are given by (8) and (9). 

By applying D to 2lfc(s) , one can “try to return” to the Euclidean domain. 
However, instead of powers, we arrive at some other functions 



A(Q^) =D[2lfc] , 



( 10 ) 



analytic in the cut Q^-plane and free of ghost singularities. At the one-loop case 






1 

ln(Q2/A2) 






Q2-A2’ 






1 q'-^A^ 

ln2(Q2/A2) + (g2 -H2)2> • • • 



( 11 ) 

These expressions have been discovered by other means [16,17] in the mid-90s. 
The first function Ai = Oan(Q^)j an analytic invariant Euclidean coupling, is 
a counterpart of the Minkowskian coupling a{s) = 2li(s) . Both a^n and a are 
real monotonically decreasing functions with the same maximum value 



«an(0) = d(0) = l//?o(/ = 3)22l.4. 
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All higher functions vanish Alfc(O) = 2lfc(0) = 0 in this limit. For k > 2, they 
oscillate in the IR region and form [19,21] an as}miptotic sequence a la Erdelyi. 

The same properties remain valid for a higher-loop case. Explicit expressions 
for Ak and 21^ at the two-loop case can be written down (see, [15] and [14]) 
in terms of a special Lambert function. They are illustrated below in Figs. 1 
and 2. Note here that to relate Euclidean and Minkowskian functions, instead 
of integral expressions (5) and (6) one can use simpler relations, in terms of 
spectral functions p{a) =IniA{—(j), 

OO OO 

A(Q^;/) = - [ i 2lfe(s;/) = - Pfe(cr;/), (12) 

+ TV J cr 

0 s 

equivalent to expressions Ak{q^) = D [2lfc] , and 2lfc(s) = R[Alfc] • 

The mechanism of liberation of singularities is quite different. While in the 
space-like domain it involves nonperturbative, power in structures, in the 

time-like region it is based only upon resummation of the terms” . Figura- 
tively, (non-perturbative !) analyticization [16,17,19] in the Q^-channel can be 
treated as a quantitatively distorted reflection (under ^ s = — ) of tt^- 

resummation in the s-channel. This effect of “distorting mirror”, first discussed 
in [9] and [22], is clearly seen in the Figs. 1, 2 mentioned above. 

This means also that origin of nonperturbative 1/Q^ structures now has got 
another motivation, (10), independent of the analyticization prescription. 

In reality, a physical domain includes regions with various “numbers of active 
quarks”, i.e., with diverse flavor numbers / = 3,4,5 and 6. In each of these 
regions, we deal with a different amount of quark quantum fields, that is with 
distinct QFT models with corresponding Lagrangians. To combine them into a 
joint picture, one uses the procedure of the threshold matching which establishes 
relations between renormalization procedures with different / values. 

For example, in the MS scheme the matching relation has a simple form 

a,{Q^ = l<e<2. (13) 

It defines a “global effective coupling” 

««(g') = A,(g2;/) at < g2 < , 

continuous in the space-like region of positive g^ values with discontinuity of 
derivatives at matching points . To this global ag , there corresponds a 
discontinuous spectral density 



Pki<^) + - ^M'j) {pk{(T;f) - Pk{(^]f - 1)} (14) 

/>4 

with Pk{o-',f) =Irn which yields [1] via relations analogous to (46) 



AkiQ'^ 



TT y cr + g2 
0 



diCT . . r\( / \ ^ /* ( \ 

pk{(y)\ 2lfe(s) = - / — pk\(y), 



7T 



a 



(15) 
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the smooth global Euclidean and spline-continuous global Minkowskian expan- 
sion functions. 

Here, in Fig. 1, by the dotted line we give a usual two- loop QCD coupling 
as(Q^) with a singularity at = A^. The dash-dotted curves represent the one- 
loop APT expressions (8) and (35). The solid APT curves are based on the exact 
two-loop (Lambert) solutions and approximate three-loop solutions in the MS 
scheme. Their practical coincidence (within the 2-4 per cent limit) demonstrates 
reduced sensitivity of the APT approach (see [17,18,23]) with respect to higher- 
loop effects in the whole Euclidean and Minkowskian regions. Figure 2 shows 
higher two-loop functions in comparison with ctan and a powers. 

Generally, functions 21^ and Ak differ from the local ones with a fixed / value. 
Minkowskian global functions 2lfc can be presented via 2lfc(s, /) by relations 

d(s) = d(s;/) +c(/) ; 2l2(s) =2l2(s;/) + C2(/) at Mf < s < ( 16 ) 

with shift constants c{f), C2(/) . Numerical estimate performed in [15,1] (see 
also [2] ) for A 3 ^ 300 — 400 MeV reveals that these constants are essential in 
the / = 3, 4 region at a few per cent level for a and at ca 10% level for 2 I 2 . 

Meanwhile, global Eucledean functions Mfc(Q^) cannot be related to the local 
ones Ak{Q'^,f) by simple relations. Nevertheless, numerical calculation shows 
[15,14] that in the / = 3 region one has approximate relations similar to (16). 
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Fig. 2. “Distorted mirror symmetry” for global expansion functions 



3 The APT Applications 

In the usual treatment - see, e.g., [15] - (the QCD perturbative part of) a 
Minkowskian observable, like e+e^ annihilation or Zq decay cross-section ratio, 
is presented as 

R{s) = Ro{l+r{s)) ] rpr(s) = Cl 0 : 5 ( 5 ) +C 2 0 : 5 ( 5 ) + C 3 a® (s) + .. . . (17) 

Here, the coefficients ci , C 2 and C 3 are not diminishing numerically - see 
Table 1. A rather big negative C 3 value comes mainly from the — ci 7 t^/ 3 o /3 
term. In the APT, we have 

rAPT{s) = dia{s) + d- 2 '^ 2 {s) + + ... (18) 

with reasonably decreasing coefficients d \^2 = ci ,2 and d^, = C 3 + ci 7 r^/?o /3 , the 
mentioned term of C 3 being “swallowed” by 0(5) . 

In the Euclidean channel, instead of power expansion similar to (17), we 
typically have 

dAPT{Q^) = dias,n{Q^) + d2 A2{Q^) + d‘iA‘i{Q^) + ... (19) 

with the same coefficients dj. . Here, the modification is related to nonperturba- 
tive, power in structures Ak like in (35). 

In Table 2, we give relative values of the first, second, and third terms of the 
r.h.s. in (17), (18) and (19) for the “Euclidean” [24,25] sum rules, t - decay in 
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Table 2. Relative contributions (in %) of 1- , 2- and 3-loop terms to observables 



Process 


Q or ^ 


f 


1 FT 


1 APT 1 


GLS sum rule 


1.73 GeV 


4 


65 


24 


11 


75 


21 


4 


Bjorken. s.r. 


1.73 GeV 


3 


55 


26 


19 


80 


19 


1 


Incl. r-decay 


0 - 2 GeV 


3 


55 


29 


16 


88 


11 


1 


e+e^ — s- hadr. 


10 GeV 


4 


96 


8 


-4 


92 


7 


.5 


Zo — s- hadr. 


89 GeV 


5 


98.6 


3.7 


-2.3 


96.9 


3.5 


-.4 



the vector channel [26], as well as for e+e^ and Zq inclusive cross-sections. As 
it follows from this Table, in the APT case, the three-loop term is very small, 
and numerically unessential. 

This conclusion is valuable when the three-loop term d^, is unknown. Here, 
mainly in the / = 5 region, people use the NLLA approximation. For the 
Minkowskian observable, e.g., in the event-shape (see, [28]) analysis there cor- 
responds the two-term expression 

r{s) = ci(Xs{s) + C 2 ol{s) . ( 20 ) 

On the basis of the numerical estimates of Table 1, in such a case, we recom- 
mend instead to use the two-term APT representation 

= did(s) + ^2 2l2(s) (21) 

which, at L? tt^, is equivalent to the three-term expression 

r^(s) = di <a.s = ci + 020^, - S3 Ag ( 22 ) 

i.e., to take into account the known predominant part of the next coefficient 
C3 . As it follows from the comparison of the last expression with the previous, 
two-term one (20), the otg numerical value extracted from (22), for the same 
measured value r-gbs, will differ mainly by a positive quantity (e.g., at ag — 
0.12^0.15) 

1 225 a® 

= — ^-0.002-0.003. (23) 

20vl00GeV ^ 

Moreover, in the / = 4 region, where the three-loop (NNLLA) approximation 
is commonly used in the data analysis, the tt® term 5^ of the next order turns 
out also to be essential. Hence, we propose there, instead of (17), to use the APT 
three-term expression 

= dia{s) + d 2 2l2(s) + ds 2l3(s) (24) 

approximately equivalent to the four-term one 

r^{s) = diOig d ,2 a® + C3 a® — ^4 af ; 



(Aag)3 = 



Trdaa® 



1 + 27rd2«s 



C 3 = ds — S 3 



(25) 
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with S 3 , and 5^ defined [7,10] in (3), or to 



rf{s) = di jos - 












-\-d ,2 {cTs — 7r^/?g Qigl+dg a' 



-3 



The three- and two-term structures in braces are related to specific expan- 
sion functions a = 2li and 2I2 defined above (15) and entering into the non-power 
expansion (24). 

To estimate roughly the numerical effect of using this last modified expression 
(25), we take the e+e^ inclusive annihilation. For a/s ~ 3 4- 5 GeV with ag — 
0.28 4- 0.22 one has (Ad;s)4|3 75Qgy 0.85 ~ 0.005 4-0.002 - an important 

effect on the level of ca 1 4- 2% . 

Moreover, the (Aq:s )4 correction is noticeable even in the lower part of the 
/ = 5 region! Indeed, to a/s ~ 10 4- 40 GeV with Ug — 0.20 4- 0.15 there 
corresponds 

(Ad,)4|fot40 GeV - 0-71 (1.1 T 0.3) • 10-^ (<0.5%) . 

It is essential to note that approximate expressions (22) and (25) are equiv- 
alent to the exact ones (21) and (24) only in the region L = In (s/A^) tt . 

In particular, at a/s <1.5 GeV it is rather desorienting to refer to ds(s) and 
it is erroneous to use ctappr{s) and common expansion (17). This means that 
below s = 2 GeV^ it is nonadequate to use common ds(s) and power expansion 
(17). 

In other words, we claim that below s = 2 GeV^ it is an intricate business to 
analyze data in terms of the “old good” (but singular) Ug . Here, approximate 
relation d(s) d^ — 7r^/3^dg/3 - compare with (22) - does not work as it is 
illustrated in Fig. 2 of paper [2]. 

This refers to analysis of t decay. Here, we would like to attract attention 
to the important paper [26] that treats the r decay within the APT approach 
(with effective mass of light quarks (~ and the threshold resummation 
factor) and results in = 420 MeV that corresponds to =0.32 

or a{M)) = 0.30. At the same time, attempts to interpret results of APT for 
T decay in terms of ctg, needs some special precaution^ - see a more detailed 
comment on the t decay theoretical analysis in [27]. 

In this, low-energy Minkowski an/Euclidean region data have to be analyzed 
in terms of nonpower expansion (18)/(19) and extracted parameter should be 
«an(s) /«(Q^) or . In Table 3 of paper [2] we give few numerical examples 
for the chain 



aan(M^) ^ a{Mr) 44 yl(=^) ^ yl^^^ 44 a.(Mz) 

^ Generally, it is possible to use correspondence between ttan , & and as expressed 
by relations that follow from (8) and (35) - see, e.g., (14) in [2]. However, the 
use of at p-Al GeV as a QCD parameter could be misleading due to 

vicinity to singularity. For example, at = 400 MeV one has csi 0.35 and 

as(l GeV^) ce. 0.55 to be compared with ag,n{M)) ce. 0.31 and aan(l GeV^) ce. 0.40. 
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that gives the means to study the QCD theoretical compatibility of LE data 
with the HE ones in the APT analysis. Here, the main element of correlation is 
the chain yy A(3) yy that follows from the matching condition (13). 

4 Quantitative Illustration 

Consider now a few cases in the / = 5 region. 

T Decay. According to the Particle Data Group (PDG) overview (see Fig. 9.1 
on page 88 of [15]), this is (with o;s(M|-) 0.170 and 0!s(Mf ) = 0.114) one of 

the most “annoying” points of their summary of o:s(Mf ) values. It is also singled 
out theoretically. The expression for the ratio of decay widths starts with the 
cubic term 

i?(T) = i?o Og (M|.)(1 + Cl Qis) with Cl 1 . 

Due to this, the correction^ is rather big here 2I3 ~ (^ _ 2{ji . 

Accordingly, Aas{M^) = (2/3) (7r/?o)3 a/(M|.) 0.0123, which corresponds to 

Aq:s(M|) = 0.006 with resulting UsIm'^) = 0.120 . 

The NNLO Case. Now, let us turn to a few cases usually analyzed by the 
three-term expansion formula (1). For the first example, take e+e~ hadron annihil- 
ation at a/s = 42 GeV and 1 1 GeV . 

A common form (see, e.g., (21) in [29]) of theoretical presentation of the 
QCD correction in our normalization looks like 

^e+e- (y/s) = 0.318 q!s(s) + 0.143 — 0.413 a® . 

In the standard PT analysis, one has (see, e.g.. Table 3) Q!s( 423) = 0.144 that 
corresponds to rg+g- (42) 0.0476 . Along with the APT prescription, one should 

use 

r-e+e-iVs) = 0.318 d(s)+ 0.143^2(5)- 0.023 aa(s), (26) 

which yields d(423) = 0.142 — ^ as(42‘‘^} = 0.145 and as{M'^) = 0.127 to be 
compared with as{M'^) = 0.126 under a usual analysis. 

Quite analogously, with as)!!^) = 0.200 and rg+g-(ll) ~ 0.0661 we obtain 
via (26) a(ll3) = 0.190 that corresponds to Q!s(M|) = 0.129 instead of 0.130. 
For the next example, take the Zo inclusive decay. The observed ratio 

Kz = r{Zo — ^ hadr ons) / r [Z q — ^ leptons) = 20.783 ± .029 

can be written down as follows: Rz = i?o (l + ^^(^l)) with i?o = 19.93. A 
common form (see, e.g., (15) in [29]) of presenting the QCD correction rz looks 
like 

rz(Mz) = 0.3326og +0.0952 -0.483 a®. 

To [rz]obs = 0.04184 there corresponds as{Mz) = 0.124. In the APT case, 
from 

rz{Mz) = 0.3326 d(M|) +0.09522l2(M|) -0.0942la(M|) (27) 

3 First proposal of taking into account this effect in the T decay was made[8] twenty 
years ago. Meanwhile, in current practice it is completely forgotten. 




Ghost-Free APT Analysis of Perturbative QCD Observables 149 



we obtain a{M‘^) = 0.122 and a.s{M'^) = 0.124 . Note that here the three-term 
approximation (7) gives the same relation between the and d(M|) 

values. 

Nevertheless, in accordance with our preliminary estimate for the (Aq!s )4 
role, even the so-called NNLO theory needs some correction in the W = 
a/sA 50 GeV region. 

The NLO Case. Some experiments in the HE (/ = 5) Minkowskian region 
(mainly with a shape analysis) usually are confronted with the two-term expres- 
sion (20). As it has been shown above (23), the main theoretical error here can 
be expressed in the form 

(Aa,(s)|/=i,ooc^v 2. 1.225 a^(s) 2. 0.002-0.003. (28) 

An adequate expression for the equivalent shift of the ds{M'^) value is 

[Aa,(M|)]3 = 1.225a,(s)a,(M|)2 . (29) 

We give the results of our approximate APT calculations, mainly by (28) 
and (29), in the form of Table 3. In the last column of Table 3 in brackets, 
we indicate the difference between the APT and usual analysis. The three-loop 
cases are marked by bold figures. Dots in the lower part of the Table correspond 
to shape-events data for energies W = 133,161,172 and 183 GeV with the 
same positive shift 0.002 for the the extracted dg values. 

Our average 0.121 over / = 5 events from Bethke’s Table 6 [29] correlates 
with data of the same author (see Summary of [30]). The best fit yields 



Table 3. The APT revised"*'part (/ = 5) of Bethke’s [29] Table 6 



Process 


GeV 


loops 

No 


tts (s) 
[2] 


[2] 


ds (s) 
APT 


APT 


T-decay 


9.5 


2 


.170 


.114 


.182 


.120 (+6) 




10.5 


3 


.200 


.130 


.198 


.129(-1) 


[j & s/i] 


22.0 


2 


.161 


.124 


.166 


.127(+3) 


[j & s/i] 


35.0 


2 


.145 


.123 


.149 


.126(+3) 




42.4 


3 


.144 


.126 


.145 


.127(+1) 


e+e^[j &zsh] 


44.0 


2 


.139 


.123 


.142 


.126(+3) 


e+e^[j &zsh] 


58 


2 


.132 


.123 


.135 


.125(+2) 


Zo — s- had. 


91.2 


3 


.124 


.124 


.124 


.124(0) 


[j & s/i] 


91.2 


2 


.121 


.121 


.123 


.123(+2) 


11 




2 








...(+2) 


[j & s/i] 


189 


2 


.110 


.123 


.112 


.125(+2) 



Averaged {as(Mz)}f=b values 0.121; 0.124 

® “j & sh” = jets aud shapes; Figures iu brackets iu the last coluruu give the differeuce 
Ad.s{Mz) betweeu coruruou aud the APT values. 
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as(M|)[ 2 ] = 0.1214 and® 



a.s{M'^) apt = 0.1235 . 

Our new Xapt smaller XaptI^pt — than the usual one. This illustrates 
the effectiveness of the APT procedure in the region far enough from the ghost 
singularity. 

5 Conclusion 

It is a common standpoint that in QCD it is legitimate to use the power in ag 
expansion for observables in the low energy (low momentum transfer) region. 
At the same time, there exist rather general (and old [31]) arguments in favor 
of nonanalyticity of the S matrix elements at the origin of the complex plane 
of the a variable, with a being an expansion parameter [32]. This implies that 
common power expansion, mathematically, has no domain of convergence. It 
corresponds to the factorial growth ('^ n\ ) of expansion coefficients at large n 
[33,34]. Nevertheless, “practically” one can use such divergent series for obtaining 
numerical information in the case when few first subsequent terms of series do 
diminish. 

It is a popular belief that in QCD, with its “not small enough” ag values, 
one does face an asymptotic nature of perturbation expansion by observing ap- 
proximate equality of relative contributions of the second (af) and the third 
(af) terms into observable, like in all PT columns of Table 2. 

Our first qualitative result consists in observation that dimishing properties 
of the APT series drastically differ from the usual PT ones. 

The better “practical convergence” of the APT series for the Euclidean ob- 
servable, as it has been demonstrated in the right part of Table 2, probably 
means that essential singularity at cts = 0 is adequately taken into account by 
new expansion functions Ak(Q^ ) . On the other hand, in the time-like region the 
improved approximation property of the APT expansion over 2lfc(s) has a bit 
different nature, being related, in our opinion, to the nonuniform convergence of 
the usual PT series for Minkowskian observables. In any case, from a practical 
point of view: 

1. In the APT approach one can use the nonpower expansions (18) and (19) without 
the last term. 

The next point, discussed in Sect. 3, refers to a more specific issue connected 
with current practice of the Minkowskian observable analysis in the low-energy 
(s^S3GeV^) region (like, e.g., inclusive r decay). As it has been shown 

2. Below s = 2GeV^ it is impossible to use the power expansion (1) for a time-like 
observable. 

® This value, corresponding to ffT) = 290 MeV, correlates with fresh APT analysis 
[26] of T decay that gives ffT) = 420 MeV . 




Ghost-Free APT Analysis of Perturbative QCD Observables 151 



Second group of our results is of a quantitative nature: 

3 . Effective positive shift Ad^ = +0.002 in the upper half (> 50GeV) of the 
/ = 5 region for all time-like events that have been analyzed up to now in the 
NLO mode. 

4. Effective shift Adg +0.003 in the lower half (10 y- 50GeV) of the / = 5 
region for time-like events that have been analyzed in the NLO mode. 

5 . The new value 

a,(M|) = 0.124, (30) 

obtained by averaging the APT results over the / = 5 region. 

The quantitative results are based on the new APT nonpower expansion 
(7) and plausible hypothesis on the -term prevalence in common expansion 
coefficients for observables in the Minkowskian domain. The hypothesis has some 
preliminary support - see Table 1. 

Nevertheless, our result (30) being taken as granted raises two physical ques- 
tions: 

- The issue of self-consistency of QGD invariant coupling behavior between 
the “medium (/ = 3,4)” and “high (/ = 5, 6)” regions. 

- The new “enlarged value” (30) can influence various physical speculations 
in the several hundred GeV region. 
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Abstract. I present a unifying scheme for hadronic functions that comprises logarith- 
mic corrections due to gluon emission in perturbative QCD, as well as power-behaved 
corrections of nonperturbative origin. The latter are derived by demanding that per- 
turbatively resummed partonic observables should be analytic in the whole Q^-pIane 
if they are to be related to physical observables measured in experiments. I also show 
phenomenological consequences of this approach. The focus is on the electromagnetic 
pion form factor to illustrate both effects, Sudakov logarithms and power corrections in 
leading order of Aqcd/Q^- The same approach applied to the inclusive Drell-Yan cross 
section enables us to perform an absolutely normalized calculation of the leading power 
correction in &^Aqcd (t> being the impact parameter), which after exponentiation, gives 
rise to a nonperturbative Sudakov-type contribution that provides enhancement rather 
than suppression, hence partly counteracting the perturbative Sudakov suppression. 



1 Introduction 

In recent years, effort in QCD has turned increasingly toward the problem of 
including resummation effects due to multiple soft gluon emission, both in per- 
turbation theory, as well as in the nonperturbative regime. The first effect is 
related to Sudakov suppression [1], well-known from QED, whereas those in the 
nonperturbative regime manifest themselves as power-behaved corrections [2], 
which, after exponentiation, amount to a Sudakov-like form factor [3] . However, 
as it turns out [4] this contribution provides enhancement rather than suppres- 
sion. The hope is that improving the perturbative and nonperturbative structure 
of the theory this way, it will be possible to get better agreement with the existing 
hadronic data in terms of both correct overall shape and also normalization. In 
these investigations the crucial organizing principle is QCD factorization, which 
provides a handle to separate the short-distance (hard) component of a reaction 
(controlled by the large mass scale in the process, Q) - that will be treated per- 
turbatively - from its long-distance (soft) nonperturbative part, related to the 
nontrivial QCD vacuum structure (and held condensates). 

In processes which involve the emission of virtual gluon quanta of low mo- 
mentum, one must resum their contributions to all orders of the strong coupling 
constant. This gives rise to exponentially suppressing factors in I>-space (where 
b is the impact parameter conjugate to the transverse momentum Q±) of the 
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reaction amplitude (or cross-section) of the Sudakov type with exponents con- 
taining double and single logarithms of the large mass scale of the process [ 1 ]. 
However, because of the Landau singularity of the running coupling at transverse 
distances b oc 1 /Hqcd , an essential singularity appears in the Sudakov factor. 
Thus, one has to consider power corrections of O which, though negli- 

gible for small b relative to logarithmic corrections oc In (b^Ag^jj), may become 
important for larger values of the impact parameter. 

In this talk, I will discuss a general methodology to treat (power) series 
in the running strong coupling in connection with gluon emission. To be more 
precise, I will address this issue in terms of two processes: one to which the OPE 
applies, viz. the pion electromagnetic form factor at leading perturbative order, 
and another, the Drell-Yan process, to which the OPE is not applicable. The 
first is a typical example of an exclusive process with registered intact hadrons 
in the initial and final states (for a recent review and references, see, e.g., [5]). 
Such processes provide a “window” to view the detailed structure of hadrons in 
terms of quarks and gluons at Fermi level {Hadron Femptoscopy). The Drell- 
Yan mechanism, on the other hand, has two identified hadrons in the initial 
state and a lepton pair (plus unspecified particles) in the final state, whose 
transverse momentum distribution is proportional to the large invariant mass of 
the materialized photon. 

The goal in the second case will be to obtain not only the usual resummed 
(Sudakov) expression (which comprises logarithmic corrections due to soft-gluon 
radiation), but also to include the leading power correction as well, specifying, in 
particular, its concomitant coefficient. This becomes possible within a theoreti- 
cal scheme, which models the IR behavior of the running coupling by demanding 
analyticity of physical observables (in the complex Q'^ plane) as a whole - as 
opposed to imposing analyticity of individual powers, i.e., order by order in 
perturbation theory -, while preserving renormalization-group invariance (refer- 
ences and additional information can be found in the recent surveys [6,7] and 
D.V. Shirkov, these proceedings). The underlying idea behind our method [4], 
is to demand that if hadronic observables, calculated at the partonic level, are 
to be compared with experimental data, they have to be analytic in the entire 

plane. This “analytization” procedure encompasses Renormalization Group 
(RG) invariance (i.e., resummation of UV logarithms and correct UV as}unp- 
totics) and causality (which imposes a spectral representation). As we shall see 
below, analytization removes all unphysical singularities in the the IR region, 
rendering perturbatively calculated hadronic observables IR-renormalon free. 



2 Analytic Factorization Scheme (AFS) 

2.1 Perturbative Pion Form Factor with Sudakov Corrections 

Let us conduct our investigation by considering the space-like electromagnetic 
pion’s form factor in the transverse (impact) configuration space: 



(q2 



dxdy 



d?h 
-oo (47t)^ 



(y, 6, P'; Cl, C 2 , C 4 ) Th (x, y, 6, Q; C 3 , C 4 ) 
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X 7>-(x,6,P;C7i,C72,C74) + ..., (1) 

where the modified pion wave function is defined in terms of matrix elements, 
viz., 

VA^,b,P,fM)= f 

(0|T (g(0)7+75g(0,z^,b^))|7r(P))^+^y (2) 

with P+ = Q/a /2 = P^' ^ = —{P' — P)^, whereas the dependence on the 

renormalization scale jj, on the RHS of (2) enters through the normalization scale 
of the current operator, evaluated on the light cone, and the dependence on the 
effective quark mass has not been displayed explicitly. In (2), i/jj is the ampli- 
tude for a quark and an anti-quark to scatter via a series of hard-gluon exchanges 
with gluonic transverse momenta (alias inter-quark transverse distances) not ne- 
glected from the outset. In the above, the ellipsis indicates the non- factorizing 
soft part, as well as disregarded higher-order corrections. The scheme constants 
Ci emerge from the truncation of the perturbative series and would be absent if 
one was able to derive all-order expressions in the coupling constant. The scale 
Ci/h (Cl = C-i) serves to separate perturbative from non-perturbative trans- 
verse distances (lower factorization scale of the Sudakov regime and transverse 
cutoff). The re-summation range in the Sudakov form factor is limited from 
above by the scale C 2 CQ (upper factorization scale of the Sudakov regime and 
collinear cutoff).^ The arbitrary constant G4 serves to define the renormalization 
scale C/if(x/y)Q = yUR, which appears in the argument of the analytic running 
coupling a™ [8] (choice of renormalization prescription): 

-an(l)(g2) ^ -pert(l)(g2) ^ -npert(l) (g2 ) 

47T 1 ^ V 

^ % [ln(Q 2 /A 2 ) + 2I2 -Q2 

where here and below 2I = ylqcD is the QCD scale parameter. 

To leading order in analytic perturbation theory (APT), one has 

Tn (x,y,b,Q;jj,n) = 9,Cvo!^^(jx\)Kf3 (^PybQ), (4) 

where Cp = (A(? — l)/2A^c = 4/3 for SU(3)c- The amplitude 

VT,(x,b,P y) = exp -s (x, 6, Q, (7i, (^2) - s (x, 6, Q, (7i, (^2) 

-2 r ^7q(a“(yR)) P,(xACilb) (5) 
Jci/b A 

^ Note that [1]. 
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describes the distribution of longitudinal momentum fractions of the qq pair, 
taking into account the intrinsic transverse size of the pion state and compris- 
ing corrections due to soft real and virtual gluons, including also evolution from 
the initial amplitude V-,t (x,h,Ci/b) at scale C\/b to the renormalization scale 
p, (X Q (more details and references are relegated to [9]). The main effect of 
the absence of a Landau pole in the running coupling is to make the func- 
tions s (x, b, Q, C*!, 6 * 2 ), s (x, b, Q, Ci, C2) well-defined (analytic) in the IR region 
and to slow down evolution by extending soft-gluon cancellation down to the 
scale Ci/b d.qcD, where the full Sudakov form factor acquires a finite value, 
modulo its dependence (see LHS of Fig. 1). In addition, as we shall see be- 
low, the Sudakov exponent contains power-behaved corrections in (Ci/bA)'^^ and 
(C' 2 /CQ^)^^, starting with p = 1. Such contributions are the footprints of soft 
gluon emission at the kinematic boundaries to the non-perturbative QCD regime, 
characterized by the transversal (or IR) and the longitudinal (or collinear) cut- 
offs. 

The pion distribution amplitude evaluated at the (low) factorization scale 
Ci/b is approximately given by 

Vt, (x, b, Ci/b, mq) ~ ^2^/W ^ 

To model the intrinsic transverse momenta of the pion bound state, we 
have to make an ansatz for their distribution. (For a recent derivation from 




Fig. 1. (a) Sudakov form factor versus transverse separation b for three values: 
Qi = 2 GeV, Q 2 = 5 GeV, and Q3 = 10 GeV, with all = 1/2, and where we have 
set Gi = 2e^'’'^, C 2 = and vIqcd = 0.242 GeV. The dotted curve shows the 

result obtained with and dgcn = 0.2 GeV for Q 2 = 5 GeV, using the same 

set of Ci. In that case, evolution is limited by the (renormalization) scale pR = t = 
{maxyTl/Q, C\/b}, as proposed in [10], albeit the enhancement at small 6-values due 
to the quark anomalous dimension is not neglected here, (b) Saturation behavior of 
pion’s electromagnetic form factor, calcnlated in the AFS at NLO with commensurate 
scale setting (see text) and including a mass term (with m.q = 0.33 GeV) in the BHL 
ansatz [11] for the soft pion wave function. The scheme parameters are defined in (17). 
Here ba denotes the integration cutoff over transverse distances in (23). The momentum 
transfer values are as in part (a) 
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an instanton-based model, see [12]). Here, I employ the Brodsky- Huang-Lepage 
(BHL) ansatz [11] and parameterize the distribution Z'(x,k^, niq) in the intrin- 
sic transverse momentum k± (or equivalently the intrinsic inter-quark transverse 
distance b) in the form of a non- factorizing in the variables x and k± (or x and 
6) Gaussian function: 



(x, kx, C\/b, mq) = (x, k±,mq ) , (7) 

where 

(x,Ci/b) = Abasia:) = A6x(1 - x) (8) 

is the asymptotic distribution amplitude, with A being an appropriate normal- 
ization factor, and where 





F (x, k^, mq) = 01g{x)F (x, k^) if (x, mq) 


(9) 


with 




if (x,ky) = exp [-plk\g{x)], 


(10) 


and 




if (x, mq) = exp [-plm\g{x)] . 


(11) 


By inputting /„ 


■ and the value of the quark mass mq and using g{x) 


= 1/ (xx). 



with X = (1 — x), we determine the parameters (we refer for more details to [9]) 
A, Pi, Pqq, and (k^)^^^, tabulated in Table 1. 

We have now to calculate the Sudakov contribution within the AFS. Gener- 
ically, the Sudakov form factor Fs (£,,b,Q,Ci,C 2 ), i.e., the exponential factor 
in front of the wave function, will be expressed as the expectation value of an 
open Wilson (world) line along a contour of finite extent, C, which follows the 
bent quark line in the hard-scattering process from the segment with direction 
(four-momentum) P to that with direction P' after being abruptly derailed by 
the hard interaction which creates a “cusp” in C . It is to be evaluated within the 
range of momenta from Ci/b (IR cutoff) to C 2 ^Q (longitudinal cutoff) (where 
^ = X, X, y, y) and the region of hard interaction of the Wilson line with the 
off-shell photon is factorized out. Then the Sudakov functions, entering (5), can 



Table 1. Values of parameters entering the pion wave function [9]. The values in 
parentheses refer to the case niq = 0 and the subscript “as” on to the asymptotic 
distribution amplitude 



Input parameters Determined parameters 

mq = 0.33GeV A = | • 10.01 (| • 6) 

p = 0.1307 GeV = 0.871 GeV^^ (-o.yqg GeV^^^ 

= 0.352 GeV (0.367 GeV) 
Fqq = 0.306 (0.250) 
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be expressed in terms of the momentum-dependent cusp anomalous dimension 
of the bent contour [1,13,14,15] to read 

s(e,6,g,Ci,C72) = - / — r,„,p(7,ar(M)) (12) 

2 JCi/6 M 

with the anomalous dimension of the cusp given by 



rcu.p (7, «s“(m)) = 21n ( A («r (a)) + B («r(A)) 



V A y 

ppert _|_ r-inpert 

— cusp J- cusp 7 



(13) 



7 = In (C 2 ^Q/p,) being the cusp angle, i.e., the emission angle of a soft gluon and 
the bent eikonalized quark line after the external (large) momentum Q has been 
injected at the cusp point by the off-mass-shell photon, and where in the second 
line of (13) the superscripts relate to the origin of the corresponding terms in 
the running coupling. The functions A and B are known at two-loop order: 



21K"(m))= 2 



lie (ar(A)) +/?(ff)^^(C'i,«r(A)) 



7T Z 



*(g(M)) V 



(14) 



and 



B («r(A)) = (cii, «s“(a)) + a (e, ci2, «s“(m))] 

The first term in (14) is universal,^ while the second one as well as the con- 
tribution termed B are scheme dependent. The K-factor in the MS scheme to 
two-loop order is given by [1,13,16] 



K (Cl) y niTp + /?oln {G^e'^^/2) (16) 



with Ca = Ac = 3, n,f = 3, Tp = 1/2, and yp being the Euler-Mascheroni con- 
stant. A set of constants C/, {i = 1, 2, 3), which eliminate artifacts of dimensional 
regularization while practically preserving the matching between the re-summed 
and the fixed-order calculation, are [9] 

Cl = 2exp(-7p), C2 =exp(-l/2), C3 = 2 exp (-yg) , C4 = exp (-4/3) , 
K = 4.565, K = 0. (17) 

^ In works quoted above, the cusp anomalous dimension is identified with the universal 
term, whereas the other (scheme and/or process dependent) terms are considered as 
additional anomalous dimensions. Here this distinction is irrelevant. 
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The quantities K,, Q in (15) are calculable using the non-Abelian exten- 
sion to QCD [1] of the Grammer-Yennie method for QED or employing the 
Wilson (world) lines approach [13,14,15]- The soft (Sudakov-type) form factor 
depends only on the cusp angle which varies with the inter-quark transverse 
distance b ranging between Ci/b and C 2 ^Q. The corresponding anomalous di- 
mensions are inter-linked through the relation 2Tcusp (q;“(m)) = 7/c (ck“(m)) 
with Tcusp(«™(p-)) = Cfp o;“(yn^)/7r, which shows that = A (a^^(jit)). (Note 
that 7 p = - 7 ;c and 7 q(a™(/r)) = -a^'^(/u,^)/7r.) 

The leading contribution to the Sudakov functions s (^, 6, Q, Oi, O 2 ) (where 
^ = x,x, y, y) within our framework, is obtained by expanding the functions 
A and 14 in a power series in 0 “ and collecting together all large logarithms 

In , which correspond to large logarithms In in trans- 

verse momentum space. The leading contribution results from the expression 



s(e, 6,g,Gi,G,) 



an(l) 






djj, 

2 Jci/b d y 
Ai2)(Gi) 



{"■(tP) 



72) 



(m) 



Ad) 



an(l) 



(m) 



Bib(C7i,G2) 



(18) 



where the two-loop expression [8] for the strong coupling is to be used in front of 
Ad), whereas the other two terms are to be evaluated with the one-loop result. 
Let me remark at this point that in the following we ignore the difference between 
the analytic strong coupling squared and its “analytized” second power. These 
issues will be considered elsewhere. The specific values of the coefficients A*-*), 
i?d) are 



Ad) 

A(2) (Gi) 

(Gi,G2) 



C'f 



-GpA(Gi) 



-In 

3 



ci 






(19) 



in which the term proportional to Ad) represents the universal part. The uni- 
versal part of the Sudakov factor in LLA and including power corrections, reads 



Fs“-"(/rp,Q) = exp 



xln 




, InQVA^ , 

In- — pp - In^ 
In^l/ A^ 





( 20 ) 



where Q represents the scale C 2 ^Q and the IR matching (factorization) scale 
yUp varies with the inverse transverse distance 6, i.e., p,p = Ci/b. Note that 
the four last terms in this equation originate from the non-perturbative power 
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correction (cf. (13)), and that L *2 is the dilogarithm (Spence) function which 
comprises power-behaved corrections of the IR-cutoff (bA) and the longitudinal 
cutoff (Q/yl). To complete the discussion about the Sudakov factor, I display 
the result obtained by neglecting power corrections: 



s(e,6,g,ci,c72)= - 

Po 



InS - (^Q - b) 



X I In^ - 
b 



Q Q -b 



+ |-4<Gi.G- 

Po 



Q Q - b 



4^(2) 

f4 



1 + In 2b 




2b 



( 21 ) 



where the convenient abbreviations [10] Q = In and b = In^ have been 
used. Note that expressions given in the literature by other authors are erroneous. 

In the following, (18) is evaluated numerically to NLLA with appropriate 
kinematic bounds [9] to ensure proper factorization at the numerical level. The 
electromagnetic pion form factor in next-to-leading logarithmic order has the 
following form in LO of Th : 



2 /* ^ /*^ ^CO 

F^{Q'^)= / dx dy 6d6ar^i)(/CR)<l>4x)<l>,(y) 

^ JO Jo Jo 

&2 (xx + yy) 



X exp 



Afdl 



exp 



1 1 

~ A : 

XX yy 



iip + :A. 



Ko {JxyQb) 



xexp [-S' (x,y, 6, Q,(7i, (72,(74)], 



( 22 ) 



whereas in NLO it reads 



Fit (g^) = 16A27t(7f I j j bdba^’^ (/r|) ^^(x)^^(y) 

h‘^ (xx yy) 



X exp 



4/?2 



exp 






^ \xx yy J 



K (yFcyQb) 



X exp (-S' (x,y,6, g,(7i,(72,(74)) p + -^ /uv {x,y,Q‘^/jx\) 



CKg^ ■■ 

7T L 



+/iR {x, y, gVP) + fc{x, y) 



(23) 



In these equations the Sudakov form factor, including evolution, is given by 



S' (x,y, 6 , g, ( 7 i,( 72 ,( 74 ) 



s (x, 6, g, (7i, C 2 ) + s (x, 6, g, (7i, C 2 ) + (x yy y) 
-8 t ((7i/6,ytR) (24) 
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with the “evolution time” [9] 



T 




d.e 

c2/h2 A;2 47t 



1 In (mV A") ^ J_ 
In (cy (bA)^) 



In- 






(Ci/hY 



— In 



S_a2 

b2 A 



(25) 



and the functions /* taken from [17]. I present predictions for in Fig. 2, 
adopting the BLM commensurate-scale method [18], and setting pp = Ci/b and 
Mblm = PRexp(-5/6), where /xr = Cif{x,y)Q = C^yFyQ. 

As one sees, the hard contribution to F^{QY) within the AFS and with a 
BLM-optimized choice of scales provides a sizeable fraction of the magnitude 
of the form factor - especially at NLO. No artificial rising at low of the 
hard form factor appears, as in conventional approaches, so that this region is 
dominated by the Feynman-type contribution [21]. Moreover, the self-consistency 
of perturbation theory has been improved, as one infers from the saturation 
behavior of the scaled form factor, presented on the RHS of Fig. 1. Indeed, 
iyY) accumulates the bulk of its magnitude below ^cr^lQCD/C'i < 0.5, 
i.e., for short transverse distances, where the application of perturbative QCD 
is sound. Even better predictions can be obtained, using a more accurate pion 
distribution amplitude, recently derived in [22] with QCD sum rules and non- 
local condensates. 




Fig. 2. Space-like pion form factor calculated within the AFS. Further details are pro- 
vided in the text. LO calculation (dashed-dotted line); NLO calculation (dotted line). 
The dashed line gives the result for the soft, Feynman-type contribution, computed 
with rriq = 0.33 GeV in the pion wave function, and the solid line represents the sum 
of the NLO hard contribution and the soft one [9]. The data are taken from [19,20]. 
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2.2 Power Corrections to Pion Form Factor 

The rationale of global analyticity, i.e., analyticity as a whole, implies 

(y, Q2) Th {x, y, Q^) 

_ an 

= a[ dx f dyxy[Ta{x,y,Q^,as{Q^))]an (26) 

Jo Jo 

wherre A is a normalization constant for the pion distribution amplitude, taken 
again to be the asymptotic one. Without the analytization requirement, the pion 
form factor is not Borel-summable (see, e.g., [23]), but only an asymptotic series 
in the coupling constant. Analytization entails 

(27) 

where the spectral density is the dispersive conjugate of all powers n 

of Os. For the leading-order expression under consideration the spectral density 
becomes [8,24,25] 

p (g2) = Ima, (-g2) = — 1 j^2(q2/a2) + ^2 (28) 

Then (27) reduces to 

K (Q')]an = ^ X (29) 

where C is a closed contour in the complex z-plane with a branch cut along the 
negative real axis, assuming exactly the form of (3), as proposed by Shirkov and 
Solovtsov [8]. Recasting the strong coupling in the form 

1 1 

= -g - — ^ = ±/ dcr exp (=Fcr/?ilnA (30) 

Pi In^i Jo 

with the plus sign corresponding to the case \z\/ > 1 and the minus one to 
\z\/ A < 1, and inserting it into (26), we find after some standard manipula- 
tions the Borel transform of the scaled pion form factor at leading perturbative 
order [4]: 

[Q^F^{Q^)]^al = ( daeiq){-afJi\nq^/A)%{a)A, (31) 

Jo 

The Borel image of the form factor reads 

7 m ^ . sin (tt/Jict) f°° df 

n{a)A = 167t(7fA / dx dyxy / 

7T Jo Jo 4o ? + xy 

X + , 32 ) 
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This expression has no IR renormalons in contrast to approaches that use the 
conventional one- loop Og parameterization [23], 

Hence, the integration over the Borel parameter a can be performed without 
any ambiguity to arrive at the following result for the pion form factor 



1 

[Q‘'F^ (Q')]ln = / dw4>{w) 

Pi Jo 



In 



A2 



(33) 



A2 



The remaining integration can be carried out analytically to arrive at an expres- 
sion derived in [4] . Here I only display the expression for the physically relevant 
case 



[Q'^K = IGttCpA 



-a.s (Q^) + O (oig) 






■21n( ^ 
h? 



1 

w 



7T 

— + 2 
6 



(34) 



referring for further details to [4]. 



3 Power Corrections to Drell-Yan Process 

As a second example of the AFS, I discuss the derivation of power corrections 
to the inclusive Drell-Yan cross-section with the large scale being here the 
invariant lepton pair mass. Citations to previous works and full details of the 
derivation are given in [4]. Consider the logarithmic derivative of the unrenor- 
malized expression of the eikonalized Drell-Yan cross section, with the notations 
of [2]: 



(ilnW]3Y 

dlnQ2 



iT(i) (g2) 






1 

(27r)2^2e 



as (kl) (e 



ik_L b 



!)• 



(35) 



The following important remarks are now in place: (i) The argument of ag is 
taken to depend on k± to account for higher-order quantum corrections, orig- 
inating from momentum scales larger than this [16]. (ii) The integral over the 
transverse momentum is not well-defined at very small mass scales owing to the 
Landau singularity of the QCD running coupling in that region, (iii) The eval- 
uation at the edge of phase space is sensitive to the regularization applied to 
account for power corrections due to soft gluon emission transient to nonpertur- 
bative QCD. 

Imposing analytization as a whole and integrating over transverse momenta, 
we obtain 



iT(i) (g2) 



dae-^FH^/b^^^)nii\a) 



J an 



0 



(36) 
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with a Borel transform given by 



,2r2\ £ 



nii\cr) = ^ ^ ) sin(7rcr/?i) / d^g{0 






1 






where 



aiO 



cP 1 1 



-2iq-b 



( 37 ) 



(38) 



(27r)2“2e g2 g2 ^ 

Combining denominators in (38) and carrying out the integrations over we 



then find 



£r(l) (Q2)1 = ^ (;,2^2^)^ r ^ g-<xftln(4/CA^) 

an 7T 



X 



r(l+a/?i) 

(- 1 )” 



<T/?i + e 

/52yJ^2 \ 

y 



r(-l - cr/3i - e) + ^ 



n, + 1 — (T/?! — e 






with / (t>2yl2/4) being a complicated expression, provided in [4] and r{x, y), de- 
noting the incomplete Gamma function. The first term in (39), viz., the integral 
over a, diverges for af3i = 0, i.e., for small values of Os{k±) (or equivalently 
for large transverse momenta k±). This UV divergence is regulated dimension- 
ally within the MS renormalization scheme adopted here. Were it not for the 
terms containing powers of bA, expression (39) and that found by Korchem- 
sky and Sterman [2] (namely, their equation (18)) would be the same. In our 
case, however, the imposition of analytization cures all divergences related to IR 
renormalons that are generated by the T-functions whenever af3i is an integer 
different from zero. 

Let us concentrate on the second term in [ijA (Q^)]an ^^at gives rise to 
power corrections. Retaining only the leading contribution in &2yl2^ find 



r (1.2 a 2\ b'^A^ \y^h? 

f (62yl2) = -ao - ai— — In— — 



b2 A2 

a2^+0(b4A4) (40) 



with the constant coefficients [4]: ao — 1.795, ai 22 2.179, ao — 1.394. Now one 
can expand the integral in the first term of [ijA (Q^)]an ™ powers of 62d.2 and 
regulate the UV pole at af3i = 0 dimensionally. For af3i an integer, both terms 
inside the bracket have poles, but they mutually cancel so that their sum is 
singularity- free and the integral finite. Retaining terms of order b'^A^, the main 
contribution stems from the leading renormalon at a A = 1: 



iT(i) (g2)j (g2)j (g2) 



J pow 



(41) 
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with the perturbative part being defined by 

iT(i) (g2) 

a result coinciding with that obtained in [2], Power corrections in the impact 
parameter b are encoded in the second contribution ( 6 ^yl^ <C 1 ): 



Op nl f'-"/ o I'L j 
In r02/A2i ^ 



(42) 



iT(i) (g2) 



J pow 



S-o + l?S2 + O , 



(43) 



where 



and 



S'o 




5-2 {h^A^) 



47t/3i 



b^A^ 

A^ —1 + 7e + (1 + ®i) In — z 9-2 



(44) 



(45) 



The DY cross-section TLdy, comprising the leading logarithmic perturbative 
contribution (Sudakov exponent S'pt) and the first power correction (in b'^A^) 
reads (with the g-dependence arising due to collinear interactions) 



Q) = exp [-S'pt ( 6 , Q) - So{Q) - b^S^A g) + . . .] , (46) 



where 

S'o(g) SplnQ + const (47) 

and 

S' 2 ( 6 , g) - S '2 (b'^A^) InQ + const. (48) 

The Sudakov factor, representing the perturbative tail of the hadronic wave 
function, suppresses constituent configurations which involve large impact space 
separations, while the exponentiated power corrections in 6 ^, being of nonper- 
turbative origin, provide enhancement of such configurations (since S '2 ( 6 ^yl^) is 
always negative) . Hence, the net result is less suppression of the DY cross-section 
and also enhancement of the pion wave function in b space with the endpoint 
region 6t1 1 being less enhanced relative to small b transverse distances. 



4 Conclusions 

I have presented a theoretical framework, based on analytization that enables 
the calculation of perturbative gluonic corrections (Sudakov form factor), as 
well as power-behaved ones that are linked to nonperturbative effects in QCD. 
Moreover, one can calculate the absolute normalization of the power corrections 
to hadronic observables systematically without any renormalon ambiguity from 
the outset. 
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Abstract. I consider the process of top-antitop quark production from electron- 
positron annihilation, for c.m. energies in the few TeV regime, in the MSSM theo- 
retical framework. I show that, at the one loop level, in a moderately “light” SUSY 
scenario, the slopes of a number of observable quantities in an energy region around 
3 TeU would only depend on tan/J. Under optimal experimental conditions, a combined 
measurement of slopes might identify with acceptable precision tan /? values larger that 
20 . 

1 Introduction 

The existence in the SM of large electroweak Sudakov logarithms [1] in four- 
fermion processes at the one-loop level, for c.m. energies in the TeV range [2,3], 
and the subsequent efforts for providing a full resummation of the relevant 
terms [4,5] have been the subject of theoretical discussions in the last couple 
of years. Quite recently, the extension of this kind of analysis at one loop within 
the MSSM ,for final massless fermion pairs [6] and also for final top quark pairs 
production [7] has been accomplished. 

One of the conclusions of [7] is that for the process of top pairs from electron- 
positron annihilation at c.m. energies in the few TeV range, that would be ex- 
plored by the future CERN CLIC collider [8], the SM component of the loga- 
rithmic effects seems to be fully under control. Technically speaking, this is due 
to the almost total lack of linear and 0 dependent {0 is the c.m. scattering an- 
gle) logarithmic terms, whose presence might give rise to tedious resummation 
complications. This is a consequence of the weak isospin characterization of the 
final state, and it would not apply for instance to final bottom pairs. 

The fact that virtual SM effects are fully under control raises the interest 
of considering the role of possible virtual SUSY effects of Sudakov origin in top 
production at CLIC energies. Our starting goal will be that of examining the 
computable one-loop level, given the fact that a resummation of SUSY effects is 
not yet available, although work along that direction is already in progress [9]. 
It was shown in [6] that the leading Sudakov SUSY effect at one loop is only 
of linear logarithmic kind (in the SM, also quadratic logarithms appear), and 
^^-independent. It is only produced by final vertices, and contains a component 
of “massless quark” kind and one of “massive top” Yukawa origin that strongly 
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depends on tan /?. Its numerical effect can vary from a few percent to ten percent, 
strongly depending on tan /?, being apparently still sensitive to relatively large 
tan /3 > 10 values. In [7] it was suggested that this fact might be used to try to 
fix the value of tan j3 from a combined analysis of the value of several observables 
at fixed energy, e.g. around the proposed CLIC “optimal” values = 3 TeV . 
The conclusion of that Reference was that a deeper investigation of this pos- 
sibility would have followed. The aim of this short seminar is precisely that of 
summarizing the aforementioned investigation. The new proposal will be that 
of considering, rather than measurements at fixed energies, variations of observ- 
ables (slopes) with energy around a chosen interesting (e.g. 3 TeV) energy value. 
I will show that the only unknown quantities in the coefficients of the various 
slopes are functions of tan/3 alone. All the other MSSM parameters can be in- 
corporated asymptotically into terms that either vanish or remain constant, thus 
disappearing in the slope. I will then show that, simulating a reasonable exper- 
imental situation, it might be possible to identify tan (3 with “decent” precision 
(i.e. to better than a relative fifty percent for relatively large (20 < tan/3 < 40) 
values. This should be compared and combined with other interesting recently 
proposed tan/3 detection techniques [10]. 



2 SUSY Sudakov Logarithms in the TeV Region 

Following the previous discussion, attitude, I will now rewrite all the relevant for- 
mulae of [7] indicating with the “SM” symbol the (supposedly perfectly known) 
SM component. For my purposes, I will need the asymptotic Sudakov expansion 
of the various quantities, that contains as the leading term a ^-independent linear 
logarithm. This is, as I said in the Introduction, the sum of a “massless” and 
a “massive” component, whose origin is due to the vertex diagrams shown in 
Fig 1. In the limit when the c.m. energy becomes very large, they produce 
the overall massive leading logarithmic SUSY Sudakov term (relevant for our 
analysis) listed in the following equations for photon or Z exchanges: 

ln^{m?(f + cot^ /3)[(y,U) + 2(y,P.)] 

+m^(l +tanV)(7M'Pi)} (1) 



rz 






q 

AS-kM'^s^cw 

{1 + cot^ P){qf^PR) 



cot^ /3)(7 ,^Pl) 



( 2 ) 



( 3 - 



■ + tan^ I3){^^^Pl)} 



One sees that, in the leading term, the only SUSY parameters that appear are 
tan/3 and an overall common (unknown) “SUSY scale” M which I only assumed 
to be “reasonably” smaller than the energy value = 3 TeV in which I am 
interested in this talk. Of course, this assumption might be wrong and heavier 
SUSY masses might turn out to be produced. In that case, my “as}unptotic” 
expansions would still be valid, obviously in a (suitably) higher energy range. 
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Fig. 1. Triangle diagrams with SUSY Higgs and with SUSY partners contributing 
to the asymptotic logarithmic behaviour in the energy; / represent t or b quarks; S 
represent charged or neutral Higgs bosons , A^, , h° or Goldstone f represent 

stop or sbottom states; x represent charginos or neutralinos. The arrow corresponds 
to the momentum flow of the indicated particle. 



Starting from (1), (2) it is a straightforward task to derive the leading SUSY 
Sudakov contributions to the various observables [7]. I write here, in the pre- 
viously discussed spirit, the expressions that will be relevant for my purposes, 
considering, for simplicity, only a set of four observables where the final top quark 
helicity is not measured. The chosen quantities are <T( (the cross section for top 
pair production), Aps,t and ApR^t (the forward-backward and longitudinal po- 
larization as}unmetries) and At (the polarized forward-backward asymmetry). 
For the chosen observables I obtain the following asymptotic expansions: 

(Jt = af^{l + ^{(4.44 Y + 11.09) In^- 10.09 ln^}+ (3) 

47t 

+ F,,,(tan/3)ln^ 

Fa At) = ^(-29 - 0.0084 - 14), 

47T 

AFB,t = + £{(0.22 Y + 1.29) - 0.23 In^} + 

+ -pAi.B,t(tan/3)ln^ . 



( 4 ) 
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FafbM = ^(1-2 -0.00082 + 0.62), 

’ Ait 

Alra =Af^, + £{(1.037V + 5.95) InjjJ- 4.03 ln^}+ (5) 

+ -PAi,fl,t(tan/3)ln^ 

FabbM = £(7-7 - 0.0051 e + 3.8), 

At = + ^{(0.91 A' + 5.25) In^ -3.20 ln^}+ (6) 

Ait 

+ Fa, (tan /3)ln^, 

FA,(t) = ^(7.5 -0.0049 7^+3.7). 

47T 

In the previous equations, I have also listed in the first bracket, for sake of 
completeness, the SUSY asymptotic linear logarithm of RG origin. This con- 
tributes a universal term of self-energy origin, where no SUSY parameters (ex- 
cept a SUSY scale) appear. In my procedure I will add this RG logarithm to 
that of SM origin, and consider it as a part of the (“uninteresting”) “Non SUSY 
Sudakov” structure, that I shall try to eliminate. The second bracket contains 
the massless Sudakov term (i.e. the one that would have been obtained ~ for 
M, c pair production) and the third one contains the massive Sudakov term. 

One notices, as stressed in [5], a strong tan (3 dependence in some observable 
(particularly at) that might possibly be exploited to perform a determination of 
this parameter. With this purpose, I will now review this possibility with some 
caution, in a way that I shall now illustrate. 

Glearly, if the logarithmic term were the only relevant one in the SUSY com- 
ponent of the observables, a determination of tan (3 might proceed in principle 
via a fit of the various observables at a fixed chosen energy. Quite generally, in 
an asymptotic expansion like the one that we are assuming, there will be extra 
non leading contributions, in particular constant terms and terms that vanish 
(at least as \/q^) asymptotically. I assume (consistently with our philosophy) 
that the latter ones can be safely neglected and concentrate the attention on 
possible constant quantities. The approach followed in [7] was that of computing 
exactly the contributions to the various observables from the considered SUSY 
vertices, and to try to fit the numerical results with an expansion of the form 

g2 

(A'l cot^ 13 + A'2 tan^ /? + 7'3)ln^ + B H 

This has been fully discussed in [7], and in Fig. 2 I show the results that were 
obtained. 

As one can see in the figure, values in the range 
tan /? < 2, tan /3 > 20 

can be detected with W = 10 c.m. energy values with a relative error smaller 
than 50%, that we consider qualitatively as a “decent” accuracy. Obviously, if 
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Fig. 2. Plot of the relative error on tan/J. The statistical accuracy is a = 1% for all the 
observables. JV is the number of c.m. energy values at which independent measurements 
are taken. The curves actually depend on the combination a j \[N . One of the dashed 
lines corresponds to a 100 % relative error. With W = 10 measurements, it determines 
a region 3 < tan/3 < 17 where the determination of tan/3 is completely unsatisfactory 
due to the flatness of the coefficient of the SUSY Sudakov logarithms with respect to 
tan/3. The second line marks the 50% accuracy level and identify the region tan/3 < 2 
or tan/3 > 20. 



a higher experimental precision (e.g. a few permille in at) were achievable, the 
same result could be obtained with a smaller number (]Y 3) of independent 

energy measurements. 

This seems to us an interesting possibility, particularly for what concerns the 
second large tan (3 range. In this case, to our knowledge, the realistic possibilities 
of measuring tan j3 are rather restricted and not simple, as exhaustively discussed 
in a recent paper [10]. 
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Abstract. This paper summarize the present status and near term perspectives for 
Diffractive Physics at Tevatron. We describe the new detectors that are being installed 
around the CDF and D0 interaction regions, and discuss the physics topics accessible 
in view of these upgrades. 



1 Introduction 

Diffraction is certainly one of the oldest subject in physics. In particle physics 
we have seen a big development in the second half of the last century [1]. More 
recently, with the discovery of Hard Diffraction by the UA8-Collaboration [2], 
we have had a significant development of Diffractive Physics both in theoretical 
and experimental points of view. 

On the experimental side we have now many results coming from HERA (HI 
and ZEUS) [3] and the Tevatron (CDF and DO) [4] in a large number of topics 
including diffractive structure functions, diffractively produced jets, diffractive 
production of Heavy Flavors, etc. 

On the theoretical side [5], a great deal of progress have been made in sev- 
eral issues, like factorization, diffractive structure functions. Large Rapidity Gap 
Survival Probability, etc. 

Although the experimental results from HERA are showing a consistent im- 
provement in the quality of data, the Tevatron results are still plagued by poor 
statistics. Not to mention that some processes, like Double Pomeron Exchange, 
have not been directly observed, and for most of the data sample, the kinematical 
information (t and ^) is still missing. 

Despite of the theoretical progress for the unification of the soft and hard 
aspects of the strong interaction, we still need more experimental data to guide 
some of the theoretical development. It is important to stress that currently 
about 40% of the pp total cross section is due to the Pomeron exchange, and 
at higher energies this value can be even larger. In this sense, it is extremely 
important to have precise data from the physical region of the proton anti- 
proton interaction at the Tevatron, to answer questions like: Is the Pomeron 
picture universal?, what are its hadronic characteristics?. Is it a glueball?, a dual 
object?, what is the diffractive contribution for the heavy flavor cross sections?, 
can the Higgs and Gentauros be produced diffractively at Tevatron energies? 
and so on. 

All of these questions lead to the proposal of new devices inserted at Tevatron. 
GDF reinstalled and improved its Roman Pots Spectrometer, and added a new 
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Fig. 1. Number of paper per year in diffractive physics. We show four important dates 
which have some correlation with diffractive physics papers. 1974 was the year of charm 
discovery, three years later, in 1977 the bottom, 1993 was the year of the hard diffraction 
discovery and 1995 the top discovery. 



Miniplug Calorimeter plus Beam Shower Counters. D0 added a new Forward 
Proton Detector (FPD). 

Figure 1 shows the growing interest in diffractive physics. There is a clear 
growth in the number of papers on this subject in particle physics[6]. 

We are expecting a new period of diffractive results from several experiments 
in the near future. From the Tevatron, the upcoming Run II with CDF and D0; 
From Brookhaven National Laboratory (BN L)/ Relativistic Heavy Ion Collider 
(RHIC) with the pp2pp experiment, polarized and unpolarized proton - proton 
interactions at energies of a/s = 60 - 500 GeV; From the Deutsches Elecktronen 
Sync^hroton (DESY), with HI and ZEUS, the two detectors at HERA, in electron 
(positron) (27.5 GeV) proton (820-920 GeV) interactions. For the far future we 
will have a new era of experiments, with TGTEM [7] being integrated into 
Compact Muon Solenoid (CMS) as one of the detectors of the Large Hadron 
Collider (LHC)/ CERN, for proton - proton at 14 TeV center of mass energy. 

2 The Tevatron Upgrades 

for Diffractive Physics CDF and D0 

After the end of Run I, the Tevatron accelerator started its upgrade in order to 
achieve higher energy and luminosity. The main goals were to achieve energies 
up to a/s = 2.0 TeV, and the luminosities of 3 x 10^^ Besides, in 
order to implement the diffractive program at D0, some modifications had to 
be done to the accelerator itself. The two collider detectors CDF and D0 were 
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also submitted to several upgrades, but we will restrict our discussion here only 
to those that have direct relation with diffractive physics. 

The Tevatron beam line had to be modified to accommodate the new D0 
leading proton spectrometers. This included modif}dng the electrostatic sepa- 
rator girder, extending the cryogenic bypass, removal of a quadrupole magnet 
(Qi), and other small modifications, like drilling a hole on the floor to allow the 
insertion and removal of detectors. 

2.1 CDF 

We will summarize the diffractive physics upgrades for CDF. For more details, 
please refer to the paper of Goulianos[8]. The CDF upgrades for diffractive 
physics can be divided in 3 parts: 

1. Improve dipole spectrometer (Roman Pots) as is shown in Fig. 2 

2. Insertion of a Miniplug Calorimeter for triggering on diffractive events. This 
device, shown in Fig. 3, is composed by 50 1/4” thick lead plates corresponding 
to a total of 2 interaction lengths and 60 radiation lengths. 288 signal 
towers are viewed by 18 Multi Channel PMTs (16 channels each), covering a 
pseudorapidity region between 3.5 and 5.5. 

3. Install new Beam Shower Counters at large rapidity region (5.5 - 7.5). These 
counters consist of regular plastic scintillators, read out by PMTs appropriate 
for high magnetic fields. 
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Fig. 2. Roman Pots arrangement of CDF. 
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Fig. 3. Side view of the CDF Miniplug Calorimeter. 
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Fig. 4. The main components of the upgraded D0 detector for Runll. 



2.2 D0 

The whole D0 detector has been submitted to many modifications for the present 
run (Runll). Figure 4 summarize the main features. 
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Now we will describe the Forward Proton Detector, the main component of 
the D0 Diffractive Upgrade. 

3 Forward Proton Detector 

The idea of the Forward Proton Detector (FPD) is to cover experimentally a 
large number of topics which will be very important for the progress of diffractive 
physics. More details on the FPD can be read in [9]. 

The Forward Proton Detector consists of 18 Roman Pots arranged on both 
sides of the D0 detector as shown in Fig. 5, which shows the Roman Pot locations 
in the Tevatron beam line. There are two castles^ on the proton side indicated by 
FI and F2 as shown in Fig. 5. The orientation is indicated by the additional 
letter U for up position, D for down position, I for inside position and 0 for 
outside position of the pots {PIU, FID, PI/, PIO, same notation for P2). 0n 
the antiproton side we have two similar castles, labeled Al and A2 followed 
by the indication of the orientation similar for the proton side. In addition, 
two others half castles on the antiproton side hold the dipole spectrometer^ 
labeled D1 and D2. The approximated distances of the pots with respect to 
the interaction point (indicated by 0 on the scale) are also shown. 



Roman Pot 




Fig. 5. This figure shows the FPD iu the bearu hue of the Tevatrou, iu both sides of 
the D0 detector. 



3.1 Roman Pots 

The design of the Roman Pots for the D0 FPD is shown in Fig. 6. They were built 
by LNLS/Brazil (Laboratorio Nacional de Luz Synchroton) as part of a regional 

^ Structure that holds the Roruau Pots, ruotors aud vacuuru equiprueut. 

^ Narued iu this way for their positiou after the dipole ruaguets. 
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Fig. 6. This figure shows all main parts of the castle. The four “arms” can be seen, each 
one allowing for a pot to be inserted. The pot movement is done using step motors. 



collaboration (LAFEX/CBPF - Centro Brasileiro de Pesquisas Ffsicas; UFBA - 
Universidade Federal da Bahia; UFRJ - Universidade Federal do Rio de Janeiro; 
UERJ - Universidade Estadual do Rio de Janeiro; IFT/UNESP - Universidade 
Estadual Paulista; and LNLS) During two years we studied many options for 
the castle and detectors. The castle was made using 316L steel following the 
technical specifications to achieve a Ultra-High vacuum at the Tevatron. The 
combination of four view quadrupole stations, as shown in Fig. 6, and the dipole 
stations, give the possibility to cover a large portion of the available phase space, 
allowing for a better acceptance. In Fig. 6 we show the castle, indicating its main 
components. In order to have the best performance, the design of the pot window 
was submitted to a finite element analysis. The best results were obtained using 
a 150 microns foil, with elliptical cutout. 

3.2 The Detectors 

The FPD position detectors are based on square scintillating fibers, 800 micron 
thick, as shown in Fig. 7. In this figure we can see the frame of the scintillating 
fibers and 6 planes X X’, U U’ and V V’ which compose one detector. The 
scintillating fibers are spliced (fused) to clear fibers which guide the signal up to 
the multi-anode photomultipliers (MAPMT H6568 from Hamamatsu). There are 
16 channels per X X’ plane and 20 channels for the U U’ and V V’ planes, giving 
a total of 112 channels per detector and 2016 channels in total. Studies about the 
signal, efficiency and resolution have been made. Scintillating fibers are the best 
option for our detectors among many other possible technologies. The frame is 
made of polyurethane plastic. The theoretical resolution is 80 microns. 

The geometrical acceptance and the pot position acceptance are given in 
Fig. 8. 
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Fig. 7. This figure shows the six planes (u u’, v v’, x x’) of the detector for the FPD 
spectrometer. Four scintillating fibers are connected together in a single channel of the 
multi-anode photomultiplier (MAPMT). 





Fig. 8. This figure shows the ^ and t acceptance for both dipole and quadrupole sta- 
tions. The figure shows also the acceptance versus the pot position. We can see the 
acceptance variation by moving the pot as close as possible to the beam. 



4 Some Physics Topics for the Run II at Tevatron 

The new Tevatron detectors were designed to cover a large region of phase space, 
allowing us to revisit some old and interesting results, and create conditions to 
observe new physics topics in diffraction. The combination of the Dipole and 
Quadrupole stations in the D0/FPD will allow us to get a good sample of data. 
Early estimates on the size of this sample can be seen on Table 1, where we also 
make a comparison with the available data to date. 
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Table 1. This table shows a comparison between the present data on diffractive dijets 
and our expectation using the FPD at the Tevatron Run 11. 
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Fig. 9. This figure shows the possible topologies to be studied with FPD in the D0 
detector. For each topology we have a corresponding lego plot in pseudo-rapidity versus 
azimuthal angle. We also show the lego plots corresponding to 3 topologies: the Flard 
Single Diffraction (FISD) , the Flard Double Pomeron Exchange (FIDPE) and the Flard 
Color-Singlet extracted from D0 dijet events. 



In Fig. 9 we show several topologies available for study using this detector, 
some of them, like the Hard Double Pomeron Exchange, have only been studied 
indirectly using Rapidity Gap techniques. 

We will now give a short description of some of the physics topics that can 
be studied with the new Tevatron Detectors: 

4.1 Low and High |t| Elastic Scattering 

The acceptance of the FPD spectrometers for low and high t will allow us to 
extract elastic scattering events in both of these physical regions. The measure- 
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ments of elastic cross sections can be used to extract the total cross section via 
Optical Theorem. It is important to know the elastic slope of the differential 
cross section. The value of the slope for general differential cross sections char- 
acterizes a specific process which can be associated to a particular production 
(e.g. resonance production). 

4.2 Total Cross Section 

The results from Tevatron [10] experiments are not compatible between them, 
if we extrapolate to higher energies. It would be very important to have another 
measurement at these energies. It is important to know the behavior of the 
cross sections with energy since that is related to the Proissart-Martin bound. 
After the Tevatron only the LHC will offer a new opportunity to make these 
measurements. 

4.3 Inclusive Single Diffraction 

The inclusive single diffraction has many subtopics associated with it. Particu- 
larly for the Tevatron detectors, the Diffractive Mass available, for single diffrac- 
tion events, = 450 GeH, makes the extraction of heavy flavor physics very 
comfortable. Inclusive single diffraction has been a good laboratory for several 
problems in diffractive physics. In particular one would like to study the cross 
section dependence on the diffractive mass {Mx) and four momentum transfered 
(t). 

4.4 Diffractive Jet Production 

Jets have been largely studied by QCD. The discovery of diffractively produced 
jets [2] by UA8 collaboration was very important for diffractive physics. This 
was the main starting point for hard diffraction. It is expected that single and 
double diffractive jet production be exhaustively studied in the near future with 
the Tevatron and HERA detectors, making it possible to verify the universality 
of Diffractive Parton Distributions. As we see in table 1 it will be possible to get 
dijet events with higher transverse energies at the Tevatron Run IT 

4.5 Hard Double Pomeron Exchange 

Due to the interesting topology and exciting physics topics, double Pomeron 
exchange has been largely discussed as the process for producing many differ- 
ent types of states. [11]. An advantage of the large Diffractive Mass available at 
the Tevatron, in this case Mx — 100 OeV , is the possibility to study, by direct 
observation, the Pomeron x Pomeron interactions and the associated physics. 
The instrumentation available at D0 is appropriated to face the challenges of 
the double Pomeron mechanism, and produce several objects not yet observed. 
Figure 9 shows the double Pomeron exchange graph and the gaps on its cor- 
responding lego plot. Other topics like Glueballs, Centauros and Higgs can be 
exploited also in this topology. 
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4.6 Diffractive Heavy Flavor Production 

Heavy Flavor Production, has been extensively studied in high pt physics. Be- 
cause experimental results are scarce for diffractive heavy flavor production, 
there was not enough attention to this physics. For the lack of adequate instru- 
mentation we have cross sections without a clear separation of diffractive and 
non-diffractive events. In principle we can split the studies of diffractive heavy 
flavor production based on the products: (i) The Charm, (ii) the Bottom and the 
(iii) Top Physics. Each one having some particularities to be taken into account 
in the diffractive production [12]. 

4.7 Diffractive W/Z Boson Production 

Diffractively produced W and Z bosons have been observed at the Tevatron. 
However the present results are not satisfactory, we need more statistics for 
these kind of events, to help us understand and set constraints on the quark and 
gluon contents of the Pomeron. Both CDF [13] and D0 have made progress, 
and the current results are motivating the collaborations to proceed with this 
measurements. 

4.8 Diffractive Structure Functions 

The study of Diffractive Structure Functions at the Tevatron allows a comparison 
with the existing HERA results. To understand the structure of the Pomeron one 
must know its structure function. This type of study has to be pursued exhaus- 
tively to get better and accurate measurements, building a clear interpretation 
of the Pomeron. One should be able to answer how important are the gluon and 
the quark components of the Pomeron. The universality of the Pomeron compo- 
nents is also important for this interpretation. Practically all diffractive topics 
mentioned here depend on this knowledge. 

4.9 Glueballs, Centauros and the Higgs 

Since the origin of QCD, Glueballs has been studied by theoreticians and experi- 
mentalists. However, we do not have a significant progress in this held. Glueballs 
are perfectly valid states in QCD, so if we do not find them, there must be some 
unknown suppression rule for this bound states. That means we need dedicated 
experiments to search for glueballs without ambiguity with quark anti-quark 
bound states. The family of glueballs is large. Table 2 shows this family (odd- 
balls are also shown) . Oddballs should have the priority to be examined, due to 
the fact that they can not be mistaken by qq (meson) or qqq (baryon) bound 
states with the same quantum numbers. It is a common belief that Glueballs 
should be largely produced in the double Pomeron Exchange topology. 

Another topic is the production of Centauros, which were never observed in 
accelerator experiments. These objects were discovered in Cosmic Ray Physics 
as events with several unusual characteristics, like the production of a large 




Diffractive Physics in the Near Future 



185 



Table 2. This table shows possible glueball state configurations with the mass and the 
quantum numbers for each one. 



[[ Glueballs and Oddballs [[ 
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MASS (GeV) 
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multiplicity of charged particles, accompanied by very few photons. For example, 
as many as 100 charged particles and no more than 3 . [14] There is enough 

center of mass energy at the Tevatron to produce Centauros, and since the 
diffractive mass is high enough, it is possible to produce them diffractively. The 
good calorimetry of the D0 detector can be very useful in observing this kind 
of events. 

Higgs is one of the most exciting subjects for the Tevatron Run II. It has 
not been excluded the possibility that it can be produced also diffractively. We 
have two recent studies given by reference [11], showing the possibility of Higgs 
production by the double Pomeron mechanism. 

5 Conclusions 

There is a lot of exciting new results coming from the investigation of diffractive 
phenomena, in particular the ongoing Run II at Tevatron should give us a better 
picture of diffraction with the new detectors at CDF and D0. Practically all 
possible subjects listed here can be studied with the data obtained from these 
detectors. 

The main goal of the experiments in diffractive physics is hard diffraction. 
Many theoretical and phenomenological progress have been made with the pre- 
cise data from HERA, but a corresponding set of data from the Tevatron is still 
missing to allow comparisons between the two regimes of production. This set 
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of data will give us the opportunity to test assumptions like the universality of 
the Pomeron picture and the Diffractive Parton Distributions. 

Another important topic concerns the measurement of the Total Cross Sec- 
tion at the highest energies of the Tevatron, for which there are conflicting results 
that can be settled by a new measurement from the FPD at D0. This new mea- 
surement will also help to reduce uncertainties on the luminosity for all D0 
physics processes. 

The double Pomeron exchange and the physics that can be done with this 
topology is one of the very important subjects of this run at the Tevatron. It has 
not been excluded, as we called attention, that Centauros and Higgs [11] can be 
produced diffractively in this topology. 

Finally the diffractive physics results from CDF and D0 will be very im- 
portant for future projects at the LHC, since it is expected that the diffractive 
contribution becomes more important at increasing energies. 

I would like to thank the organizing committee for the superb job in the 
organization a very enjoyable meeting. In particular I would like to thank Profs. 
J. Trampetic and J. Wess for the kind invitation and financial support. 
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Abstract. A small matter-antimatter asymmetry of the weak force was experimen- 
tally established. This CP violation may be related to the small excess of matter from 
the big bang. The nature of CP violation in the system has been clarified after 37 
years of experimentation: it is due to a small part of the weak interaction ( “milliweak 
interaction”). A non-trivial phase in the weak quark mixing matrix generates “direct 
CP violation” in the weak Hamiltonian. The experiments demonstrating direct CP 
violation are discussed. 



1 The Big Bang and the Baryon Asymmetry 
in the Expanding Universe 

In the big bang, matter and antimatter were made at extremely high tempera- 
tures and in equal quantities because the forces which are responsible for their 
production are completely symmetric with respect to matter and antimatter. In 
a similar way, the other elementary constituents of matter were produced in pairs 
during the initial phases of the big bang. In this hot fireball, creation and annihi- 
lation of particles and antiparticles led to an equilibrium of approximately equal 
numbers of particles, antiparticles and photons. The expanding fireball cooled 
down, and below a certain temperature the creation of particle- antiparticle pairs 
stopped while annihilation went on. If all forces were symmetric with respect to 
matter and antimatter, there would be no matter left over in the cold phase but 
only the photons shifted to the infared regime. These photons are the cosmic 
microwave background radiation. Today the density of this radiation is 500000 
photons per liter. 

The big problem however is the complete absence of primordial antimatter 
in our universe and the small density of matter as compared to photons: about 
6 X 10^® nucleons per liter. The ratio of nucleons over photons is about 10^^°, 
while it was of order one in the early phases of the universe. 

A possible explanation for this phenomenon was given by Sacharov and 
Kuzmin. They stated that this small surplus of matter is possible only if 

• one force violates matter-antimatter symmetry 

• baryon number is violated as well, and 

• the expansion goes through phases when there is no thermodynamic equilib- 
rium. 
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2 Symmetries 

The idea of Sacharov postulated that one of the known forces or a new force 
violates the symmetry between matter and antimatter and thus produces a small 
surplus of matter. All the remaining matter annihilates with the corresponding 
amount of antimatter, and at the end we are left with the surplus (of 10^^°) 
of matter and the red-shifted photons. Such a symmetry violation goes against 
principles which were cherished for centuries. 

Symmetries and conservation laws have long played an important role in 
physics. The simplest examples of macroscopic relevance are the conservation of 
energy and momentum, which are due to the invariance of forces under trans- 
lation in time and space, respectively. In the domain of quantum phenomena, 
there are also conservation laws corresponding to discrete transformations. One 
of these is reflection in space ( “parity operation” ) P. 

Similarly, the particle- antiparticle conjugation C transforms each particle 
into its antiparticle, whereby all additive quantum numbers change their sign. 

A third transformation of this kind is time reversal T, which reverses mo- 
menta and angular momenta. This corresponds formally to an inversion of the 
direction of time. According to the CPT theorem of Liiders & Pauli [1] [2] there 
is a connection between these three transformations such that under rather weak 
assumptions in a local field theory all processes are invariant under the combined 
operation CPT. 

For a long time it was assumed that all elementary processes are also invari- 
ant under the application of each of the three operations C, P, and T separately. 
However, the work of Lee & Yang [3] questioned the assumption, and the sub- 
sequent experiments demonstrated the violation of P and C invariance in weak 
decays of nuclei and of pions and muons. This violation can be visualized by 
the longitudinal polarization of neutrinos emerging from a weak vertex: they 
are left-handed when they are particles and right-handed when antiparticles. 
Application of P or C to a neutrino leads to an unphysical state (Fig. 1). 

The combined operation CP, however, transforms a left-handed neutrino into 
a right-handed antineutrino, thus connecting two physical states. CP invariance 
therefore was considered [4] to be replacing the separate P and C invariance of 
weak interactions. 

A unique testing ground for CP invariance in the microworld are neutral K 
mesons. They have the unique property that the particle and its antiparticle 

differ in one quantum number, strangeness, but still these two particles can 
mix through a transition mediated by the weak interaction. One consequence of 
this postulated CP invariance for the neutral K mesons was predicted by Gell- 
Mann & Pais[5] : there should be a long-lived partner to the known V^[Ki) 
particle of short lifetime (10^^° sec). According to this proposal these two phys- 
ical particles are mixtures of two strangeness eigenstates, (S = + 1) and 
A°(S = - 1) produced in strong interactions. Weak interactions do not conserve 
strangeness and the physical particles should be eigenstates of CP if the weak 
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Fig. 1 . The mirror image of a left-handed neutrino under P, C, and CP mirror opera- 
tions 



interactions are CP invariant. These eigenstates are (with = CP K^) 

CPKi = CP[{K^ +W)/Vi\ = (K^ + K°)/V2 = Ki 
CPK 2 = CP[{K^ - W)/Vi\ = (K°- K°)/V2 = -K 2 . 

Because of CP for tt mesons in a state with angular 

momentum zero, the decay into Tr+rr^is allowed for the Ki but forbidden for the 
K 2 ; hence the longer lifetime of Kg, which was indeed confirmed when the Kg 
was discovered. 

In 1964, however, Christenson, Cronin, Fitch & Turlay [6] discovered that 
the long-lived neutral K meson also decays to with a branching ratio of 

2 X 10^®. From then on the long-lived state was called Kr^ because it was 
no longer identical to the CP eigenstate Kg; similary, the short-lived state was 
called Ks". 

3 Phenomenology and Models of CP Violation 

The phenomenon of CP violation in decays of neutral mesons is now with 
us for 36 years [6]. The first ten years of intense experimentation after the dis- 
covery of the decay ^ were devoted to the observation of other 

manifestations of the phenomenon, like the decay [7] > 7r°7r° and the charge 

asymmetry in the decays [8] j/ and > tv^/jP 1/, and to precision 

experiments on the moduli and phases of the CP violating amplitudes [9] . These 
experimental results excluded a large number of theoretical models proposed 
to explain CP violation, such that at the time of the London 1974 conference 
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[lOjessentially two classes of models survived: The superweak model postulating 
a new, very weak, CP violating interaction [11] with AS = 2, and milliweak mod- 
els invoking a small (10^^) part of the normal AS = 1 weak interaction as the 
source of CP violation. In this case, there is a direct decay of a Kaon state with 
CP quantum number -1 into a two-pion state with CP +1 through a milliweak 
Hamiltonian. This is called “direct CP violation”, as opposed to CP violation 
by mixing. The key question then became: which of these models is de- 

scribing the phenomenon? Can one devise experiments distinguishing between 
those models? 

In this context it was very important that a specific milliweak model within 
the standard model was proposed by Kobayashi and Maskawa [12] in 1973. At 
the time of the dicovery of CP violation, only 3 quarks were known, and there 
was no possibility of explaining CP violation as a genuine phenomenon of weak 
interactions. This situation remained unchanged with the fourth quark because 
the 2x2 weak quark mixing matrix has only one free parameter, the Cabibbo 
angle, and no non-trivial complex phase. However, as remarked by Kobayashi 
and Maskawa, the picture changes if six quarks are present. Then the 3x3 mixing 
matrix naturally contains a phase, apart from three mixing angles. It is then 
possible to construct CP violating weak amplitudes from “box-diagrams” of the 
form shown in Fig. 2. 

A necessary consequence of this model of CP violation is the non-equality 
of the relative decay rates for Kl ^ and Kl ^ This “direct CP 

violation” is due to “Penguin diagrams” of the form given in Fig. 3. 

For a quantitative discussion, we use the conventional notations. Let A° = 
CP then the eigenstates of CP are: 

Ki = {K° + K°)/V2 = +CPKi 
K2 = (K° - K°)/y/2 = -CPK 2 

The physical long-lived {Ki) and short-lived {Ks) states are then 

Ks = {Ki+esK2)/{l + \es\^f'^ 

= (A2+eLAi)/(l + j£ip)i/2 

With CPT invariance, es = = e. The admixture parameter 

ImJ”i2/2 + ilm.Mi2 

i{Ps - Pl)/ 2 - (ms - tul) 



W 

lv/\/\/\/> 



(a) 



K u,c,t 



u,c,t K 



w 



s u,c,t d 




d u,c,t s 



Fig. 2. Box diagram for K° — K° mixing connected to CP violating parameter e. 
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Fig. 3. Penguin diagrams for K° 2ti decay with direct CP violation (amplitude e). 



is given in terms of the mass matrix M and decay matrix F . The phase 

of e, assuming CPT, is 

Arg{e) = &ict&n{2 Am / Fs) = 43.7° ± 0.2°. 

The experimentally observable quantities are 

|? 7 +^| e ®'^+- = = {'k"^ti^\F\Kl)/{ti+ti^\F\Ks), 

|?/oo|e®'^™ = ?/oo = (7r°7r°|7’|KL)/(7r°7T°|7'|Ks'). 

It can be shown that these amplitude ratios consist of the contribution from 
CP violation in the mixing (box diagrams in the KM model), called 

e above, and another one from CP violation in the weak K — > 27 t amplitudes 
(penguin diagrams in the KM model), called e': 

= e + e' 
rioo = e - 2e' 

In this way r/^ , r/oo and 3e' form a triangle in the complex plane, the Wu- 

Yang triangle. The CP violating decay amplitude e' is due to interference of 
AI = l/2(Ao) and AI = 3/2(A2) amplitudes: 

, ilmAg rvr r M 

e = - So)\ 

and its phase is given by the tttt phase shifts in the 1 = 0 and 1 = 2 states, do 
and dg (CPT assumed): 

Arg{e') = [82 - do) + tt/2 

which experimentally is (61±9)° [13] or (45±9)° [14]. The two models discussed 
above differ significantly: the superweak model predicts vanishing direct CP 

violation in weak decays, e' = 0, and therefore = ?/oo = e, while in milliweak 

models one expects e' ^ 0 . 

4 Theoretical Estimates for the Parameter e' 
of Direct CP Violation 

The prediction for e' within the weak quark-mixing model of Kobayashi and 
Maskawa [12] (KM model) can be estimated if one infers the magnitude of the 
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mixing angles from other experiments and if the hadronic matrix elements for 
box graphs and penguin graphs are calculated. Typical values for \d j (\ are in the 
range +(0.2 — 3) x 10^® for three generations of quarks. A measurement of this 
quantity to this level of precision therefore becomes the “experimentum crucis” 
for our understanding of CP violation. Since the phase of d is close to the one 
of e, and since \d j 1 in good approximation, we get: 

e'/e = Re{e' /e) = (l - |»?oo/»?+-P) /6 

A measurement of the double ratio 

n _ |t? 00 p _ R{Kl -t 2TT°)/r{KL -t TT+TT") 

> 27r°)/+(Ais' — > TT+TT^) 

to a precision of better than 0, 3% is therefore required to distinguish between 
the two remaining models. 

Various methods are used to calculate the value of Re^^^ Due to the dif- 
ficulties in calculating hadronic matrix elements, which involve long distance 
effects, the task turns out to be very difficult. The following results have been 
obtained recently: 

1. The Dortmund group uses the 1/Nc expansion and Chiral Pertubation Theory 
(xPT). They quote a range of 1.5 x 10^^ < e'/e < 31.6 x 10^^ [15] from 
scanning the complete range of input parameters. 

2. The Munich group uses a phenomenological approach in which as many pa- 
rameters as possible are taken from experiment. Their result [16] is 1.5 x 
10^^ < e'/e < 28.8 x 10^^ from a scanning of the input parameters and 
e'/e = (7.7^3 /) x 10^^ using a Monte Carlo method to determine the error. 

3. The Rome group uses lattice calculation results for the input parameters. 
Their result is e'/e = (4.7p/ / x 10^^ [17]. 

4. The Trieste group uses a chiral quark model to calculate e'/e. Their result is 
7 X 10^^ < e'/e < 31 x 10^^ [18] from scanning. 

It is hoped that reliable hadronic matrix elements will be obtained in the 
near future by lattice gauge theory calculations. 

5 Experiments on Direct CP Violation 

5.1 Early Experiments: The Observation of Direct CP Violation 

The first observation of direct CP violation was made by a collaboration of 
physicists at the european laboratory for particle physics CERN at Geneva, 
Switzerland in 1988. Their experiment, called NA31, was based on the concurrent 
detection of 27 t° and decays. Collinear beams of Ks and K ^ were employed 

alternately. Kaons with energies around 100 GeV were produced by a 450 GeV 
proton beam from the proton accelerator SPS at CERN. The energies of the 
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decay products were measured in a combination of a high-resolution Liquid- 
Argon electromagnetic calorimeter and an iron-scintillator hadronic calorimeter. 
In the first exposures, about 100000 decays of the type ^ 7r°7r° and 295000 
decays of > 7r*7r^ were observed, and the result for the CP parameter 

was Re(eYe) = (33 ± 11) x 10^^ [19]. In further improved experimentation, the 
number of observed > 7r°7r° decays was increased to 4 x 10®. 

A similar sensitivity was achieved by an experiment at Fermilab near Chicago, 
called E 731. In 1992/93 the experiments NA31 at CERN and E731 at FNAL 
presented final results. The CERN result [20] (23.0±6.5) x 10^^ shows with more 
than 3 Standard deviations a clear evidence for direct CP violation whereas the 
Fermilab result [21] with (7.4 ± 5.9) x 10^^ is consistent with zero. While the 
CERN experiment had observed direct CP violation, the Fermilab experiment 
did not concur. As a consequence of this disagreement, two new experiments 
were constructed in order to verify the earlier result. They were called NA48 at 
CERN and kTeV at Fermilab. 

5.2 The NA48 Detector 

The new CERN experiment NA48 (Fig. 4) was designed 

• to measure all four decay modes concurrently, 

• to register data at a rate 10 times higher than NA31, 

• to achieve an improved energy resolution for photons (liquid Krypton calorime- 
ter) and for pions (magnetic spectrometer). 

In the design of the NA48 detector the cancellation of systematic uncertain- 
ties in the double ratio is exploited as much as possible. Important properties 
of the experiment are 1. two almost collinear beams which lead to an almost 



Beam monitor ~ 




Fig. 4. Layout of the main detector components of the NA48 experiment. 
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identical illumination of the detector and 2. the lifetime weighting of the events 
defined as Kl events. 

The Kl target is located 126 m upstream of the beginning of the decay 
region. As the decay lengths at the average kaon momentum of 110 GeV/c are 
As = 5.9 m and Al = 3 400 m respectively, the neutral beam derived from this 
target is dominated by Kl. The Kstarget is located 6 m upstream of the decay 
region so that the decays in this beam are dominated by Ks. The two beams are 
almost collinear: The Ks target is situated 7.2 cm above the center of the Kl 
beam. The relative angle of the beams is 0.6 mrad so that they converge at the 
position of the electromagnetic calorimeter. 

The beginning of the Ks decay region is defined by an anti-counter (AKS). 
This detector is used to veto Kaon decays occuring upstream of the counter. The 
position of the AKS also defines the global Kaon energy scale as the energy is 
directly correlated to the distance scale. The decay region itself is contained in 
a 90 m long evacuated tank. 

The identification of Ks decays is done by a detector (tagger) consisting of 
an array of scintillators situated in the proton beam directed to the Ks target. 
If a proton signal is detected within a time window of ±2 ns with respect to a 
decay, the event is defined as Ks event. The absence of a proton defines a Kl 
event. 

A magnetic spectrometer is used to reconstruct Ks,l decays. The 

spectrometer consists of a dipole magnet with “momentum kick” of 265 MeV /c 
and four drift chambers which have a spatial resolution of 90 pm. This leads 
to a mass resolution of 2.5 MeV/c^. A hodoscope consisting of two planes of 
plastic scintillator provides the time of a charged event with a resolution of 
about 200 ps. 

A quasi-homogeneous liquid krypton electro-magnetic calorimeter (LKR) is 
used to identify the four photons from a 7r°7r° event. Liquid krypton has a radia- 
tion length of Xo = 4.7 cm which allows one to build a compact calorimeter with 
high energy resolution (AE/E = 1.35% measured for electrons coming from a 
Kl — > TTCi/ (Kes) decay) and very good time resolution (< 300 ps) and very good 
linearity It consists of 13212 2 x 2 cm^ cells pointing to the average Ks decay 
position. The transverse spatial resolution is better than 1.3 mm. 

The electromagnetic calorimeter is complemented by an iron-scintillator sand- 
wich calorimeter with a depth of 6.8 nuclear interaction lenghts which measures 
the remaining energy of hadrons for use in the trigger for charged events. 

A muon veto detector, consisting of three planes of scintillator shielded by 
80 cm of iron, is used to identify muons to veto Kl — > 7rpi/ (K,u, 3 ) events. 

5.3 The KTeV Detector 

The main elements of the KTeV detector (Fig. 5) are similar to those in NA48 
since both experiments work in a similar environment. The main difference is 
the way in which Ks mesons are produced. 

KTeV uses two parallel well separated kaon beams derived from a single 
target. In one beam, the mesons from the target pass through a collimator 
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Fig. 5. Layout of the main detector components of the KTeV experiment 



and then decay in an evacuated decay region of 30 m length. In the other beam 
the Kl mesons traverse a slab of matter (“regenerator”). During this passage, 
the and components of the are affected differently by interactions 
with matter. Therefore the wave emerging behind the regenerator is a slightly 
different superposition of these two components. In the forward direction, the 
energing wave contains a Ks wave coherent with the outgoing wave. This 
is the regenerated Ks beam used in the experiment. The regenerator alternates 
between both beams every minute in order to keep the detector illumination 
identical for the Ks and the Kp components. 

The decay region of the regenerator beam is defined by a lead-scintillator 
counter at the downstream end of the regenerator. The decay region of the 
vacuum beam starts at a mask anti-counter. 

Similar to NA48 the KTeV spectrometer consists of four drift chambers; the 
magnet provides a momentum kick of pt = 412 MeV /c, leading to a mass reso- 
lution of (j„ , _ = 1.6 MeV/c^. For triggering of charged events a scintillator 

^ TT+TT 

hodoscope is used. 

The electromagnetic calorimeter (Csl) consists of 3100 pure Cesium-Iodide 
crystals with a radiation length of Xq = 1.85 cm. In the inner region the size is 
2.5 X 2.5 cm^ and in the outer region 5.0 x 5.0 cm^ . Two beam holes of 15 x 15cm^ 
allow the two kaon beams to pass to the beam dump. The energy resolution at 
large photon energies above 10 GeV is 0.75% as measured with Kgs decays. 

In addition 10 lead-scintillator “photon veto” counters are used to detect 
particles escaping the decay volume. The background is further reduced by a 
muon veto counter consisting of 4 m of steel and a hodoscope. 
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Fig. 6. (a),(c): Minimal difference between tagger time and event time {Atmin )• (b) 
Atmin for charged Kl and Ks events, (d) Comparison between charged and neutral 
event time. For this measurement decays, selected by the neutral trigger, with tracks 
are used {j conversion and Dalitz decays Ks 



5.4 Analysis of NA48 Data: Confirmation of Direct CP Violation 

To identify events coming from the Ks target a coincidence window of ±2 ns 
between the proton signal in the tagger and the event time is chosen (see Fig. 6 
a,c). Due to inefficiencies in the tagger and in the proton reconstruction a fraction 
O.SL of true Ks events are misidentified as Kl events. On the other hand there is 
a constant background of protons in the tagger which have not led to a good Ks 
event. If those protons accidentally coincide with a true Kl event, this event is 
misidentified as a Ks decay. This fraction a^s depends only on the proton rate 
in the tagger and the width of the coincidence window. 

Both effects, and can be measured (see Fig. 6 b) in the charged 

mode as Ks and Kl can be distinguished by the vertical position of the decay 
vertex. The results are = (1.63±0.03)xl0^^ and ^ (10.649±0.008)%. 
This means that about 11% of true Kl events are misidentified as Ks events, 
however, this quantity is precisely measured to the 10^^ level. What is important 
for the measurement of R is the difference between the charged and the neutral 
decay modes Acting = ~ • Proton rates in the sidebands of the tagging 

window are measured in both modes to measure Aagg. The result is Aagg = 
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(4.3 ± 1.8)xl0^^. Several methods have been used to measure Acxsl, leading to 
the conclusion that there is no measurable difference between the mistaggings 
within an uncertainty of ±0.5x10^^. 

Another important correction is the background subtraction. Decays Kl — t 
Tiev and Kl — t Tr/ri/ can be misidentified as K — > decays, as the v is unde- 

tectable. However, since the v carries away momentum and energy, these events 
can be identified by their high transverse momentum and their reconstructed 
invariant mass. The remaining background can be measured by extrapolating 
the shape of the background in the m — p(^-plane into the signal region. In 
this way the charged background fraction leads to an overall correction on R of 
(16.9±3.0)x10-4. 

A similar extrapolation can be done in the neutral decay mode. Here the 
background comes from Kl — t 37 t° decays, where two 7 are not detected. This 
leads to a misreconstruction of the invariant 7 t° masses. In this case the back- 
ground leads to a correction of R by (- 5.9 ± 2.0) x 10^^. 

The number of signal events after these corrections are summarised in table 1 . 



Table 1. Event numbers after tagging correction (only NA48) and background sub- 
traction. 



1 Event statistics (x fO*’) | 




00 

< 


KTeV 




00 

< 


KTeV 


Ks TT+TT 


22.221 


4.52 


Kl TT+TT 


14.453 


2.61 


Ks ^ 


5.209 


1.42 


0 

0 


3.290 


0.86 



The efficiency of the triggers used to record neutral and charged events 
have been determined. Independent triggers are used which accept a downscaled 
fraction of events. In the neutral decay mode the efficiency is measured to be 
0.99920 ± 0.00009 without measurable difference between Ks and Kl decays. 
The TT+TT^ trigger efficiency is measured to be (98.319 ± 0.038)% for Kl and 
(98.353 ± 0.022%) for Ks decays. Here a small difference between the trigger 
efficiency in Ks and Kl decays is found. This leads to a correction to the double 
ratio of (— 4.5±4.7)xl0^^. The error on this measurement is dominated by the 
total number of events registered with the independent trigger. This error is one 
of the main contributions to the systematic error of the measurement of R. 

The distance D from the LKR to the decay vertex is reconstructed using the 
position of the four 7 clusters. From the kinematics of the decay one obtains 



D 



1 




where Ei is the energy of cluster i and rij the distance between cluster i and 
cluster j. This formula directly relates the distance scale to the energy scale. R 
is therefore possible to fix the global energy scale with the measurement of the 
known AKS position in the neutral decay mode. In addition more checks on the 
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energy scale and the linearity of the energy measurement can be performed, such 
as the measurement of the invariant 7 t° mass and the use of the known position 
of an added thin CHg target (a beam produces 7 t° — > 2j). The comparison 
of all methods gives an uncertainty of ±3x10^^ in the global energy scale. 

Another systematic problem is the minimization of acceptance corrections 
by weighting of the Kl events. The difference in the lifetime between Ks and Kl 
events produce a different illumination of the detector: There are more Kl events 
decaying closer to the detector and they are therefore also measured at smaller 
radii closer to the beampipe. NA48 weights the Kl events according to the 
measured lifetime such that the distribution of the z-position of the decay vertex 
of Ks and Kl events and the detector acceptances become equal. Using this 
method the influence of detector inhomogenities is minimised and the analysis 
becomes nearly independent of acceptance calculations by Monte Carlo methods. 
In fact the acceptance correction due to small detector differences is quite small. 
The price to pay for the gain in systematics is the loss in statistics. 

Although the acceptance is almost equal there are nevertheless small differ- 
ences in the beam geometry and detector illumination between decays coming 
from the Ks and the Kl target. These remaining differences are corrected for 
with Monte Carlo methods. Using the Monte Carlo to calculate the double ratio 
R the deviation from the input value 1 is (26.7 ± 5.7) x 10^^. 

Summing up the systematic uncertainties of all different sources in quadra- 
ture, they amount to a total 12.4 x 10^^ in R, and to 2.1 x 10^^ in e' je. 

The result of NA48 using the data sample from 1997, 1998 and 1999 is [23], 
[24] 

e'/e =( 15.3 ± 2.6 ) X 10-4 

5.5 Analysis of KTeV Data: Confirmation of Direct CP Violation 

KTeV has similar physical backgrounds as NA48, but in addition two-pion decays 
from Ks mesons produced by incoherent regeneration in the regenerator have to 
be subtracted. Typical numbers are: a fraction of 6.9x10-4 charged background 
from Ke 3 and K ,„,3 decays and a fraction of 27x10-4 neutral background from 
37 t' 4 decays. The background levels in the regenerator beam are 107x10-4 in the 
neutral mode (this gives rise to a large systematic error) and 7.2x10-4 
charged mode. The event numbers after background subtraction. 

The main difference in the analysis techniques of the two experiments is the 
treatment of the acceptance correction. KTeV is not using event weighting but 
uses Monte Carlo studies to correct for detector differences in the Ks and Kl 
decays. Kg 3 and 37 t' 4 decays are used to model the detector and the agreement 
between data and Monte Carlo is good (see Fig. 7). The acceptance correction 
to R calculated by Monte Carlo simulation is then (231 ± 13) x lQ-4. This can 
be compared to the size of the total effect of e'/e on R, 168 x lQ-4, as measured 
by KTeV. The main source of systematic uncertainty is a slight disagreement 
between data and Monte Carlo comparison in the tt+tt- decay mode in the 
vacuum beam. A slope of (—1.60 ± 0.63) x lQ-4 m-^ has been found which is 
applied as a systematic error. 
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Fig. 7. (a) Data versus Monte Carlo comparisons of z-vertex distributions, (b) Linear 
fits to the data/MC ratio of (a). 



The energy scale is determined using the known position of the regenerator 
edge. The comparison of the measured position of the vacuum window with the 
real position gives an uncertainty of the global energy scale of 4.2x10^^ on R. 

The result is obtained by a fit of TZe{e' je), the regeneration amplitude and 
phase to the event numbers per energy bin. The result is published in 1999 was 
[ 22 ] 

e'/e = ( 28.0 ± 3.0 (stat) ± 2.8 (sys) ) xlO^^ ( 2 ) 

but this was subsequently corrected due to an error in background subtraction: 

e'/e= ( 23.2 ± 3.0 (stat) ± 3.2 (sys) ± 0.7 (MC) )xl0-4 ( 3 ) 

6 Conclusion 

The two experiments kTeV and NA48 have definitively confirmed the original 
observation of the NA31 team that direct CP violation exists. The results of 
all published results on e'/e are shown in Fig. 8 . Therefore, CP violation as 
observed in the K meson system is a part of the weak interaction, due to weak 
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Fig. 8. Measurements of the parameter /eot direct CP violation. 



quark mixing. Exotic new interactions like the superweak interaction are not 
needed. With more data, both experiments will reach a precision of 0{2 x 10^^). 
We therefore have a very precise experimental result on e'/e. The theoretical 
calculations of d j e within the Standard Model however, are still not very precise. 
This does not change the main conclusion of the experiments, that d is different 
from zero and positive, i.e. direct CP violation exists. 

However, this milliweak CP violation is probably not large enough to explain 
the observed matter-antimatter asymmetry from the big bang. An additional, 
stronger CP violation is needed for this. There are speculations that this might 
be due to CP violation in the lepton sector in the early universe. Very heavy 
Majorana neutrinos could play a role in the formation of an antimatter-matter 
asymmetry at this time. [25] 
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Abstract. We discuss the status of the LHC machine, review the progress on the 
construction of the CMS experiment and the expected performance of CMS in Higgs 
and SUSY searches, with the expected mass reach for the various MSSM Higgses and 
sparticles, and some aspects of sparticle mass reconstruction. 



1 Introduction 

The Large Hadron Collider (LHC) and the experiments now under construction 
at CERN will surely be the key instruments of particle physics research at the 
high energy frontier in the coming decades. They will contribute significantly 
to the elucidation of some of outstanding issues in today’s particle physics. The 
LHC will be a proton-proton collider operating at a centre of mass energy a/s = 
14TeX with a luminosity up to 10^*^ cm^^s^^. It will also operate as a heavy 
ions collider with, in case of Pb-Pb collisions, a nucleon-nucleon cm energy of 
5TeV and a luminosity of fO^^cm^^s^^. 

The main motivation to build the LHC is undoubtedly to investigate the 
mechanism responsible for electroweak symmetry breaking and generating par- 
ticle masses. The usual way to introduce masses is through the Higgs mecha- 
nism [1]. In the Standard Model (SM) one Higgs boson H is expected. In Su- 
persymmetry (SUSY) the particle spectrum is essentially doubled through the 
introduction of supersymmetric partners to known SM particles, and the Higgs 
sector is extended to at least five Higgs bosons in the Minimal Supers}unmet- 
ric Standard Model (MSSM) [2]. SUSY provides a natural explanation why the 
Higgs mass can remain low, as indicated by present fits to electroweak data. 
Assuming the existence of superpartners at the TeV scale, the strong, weak and 
electromagnetic couplings unify at a 10^®GeV scale; this may be taken as a 
hint for SUSY at a TeV scale. SUSY also allows for a possible particle-physics 
origin of cosmological dark matter [3]. Thus the search for the possible super- 
s}unmetric partners of SM particles will be a high priority at the LHC. New 
ideas allowing existence of extra (possibly large) dimensions have emerged re- 
cently and which could provide an alternative solution to the energy (mass) 
scale hierarchy problem [4]. Investigations of possible experimental manifesta- 
tions of these extra dimensions will be actively pursued at the LHC. The LHC, 
being an extremely prolific source of B hadrons, will also allow to investigate the 
matter-antimatter asymmetry in the Universe. Through its heavy ions physics 
programme the possible quark- gluon phase of matter should be studied in detail. 

J. Trampetic, J. Wess (Eds.): LNP 616, pp. 203—230, 2003. 

(c) Springer- Verlag Berlin Heidelberg 2003 
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Two general purpose detectors, CMS [5a] and ATLAS [5b], will be installed 
at the LHC, Fig. 1. The construction of both these detectors is now proceeding 
at full speed. The primary goal of these two experiments are the Higgs and SUSY 
searches. Although the physics goals of these two detectors are very much the 
same, the experimental techniques are different and complementary, in particular 
in the B-field configuration and calorimeter choices. These detectors should be 
completed by mid-2006. More details on the construction of CMS will be given 
in the following. 




Fig. 1. LHC layout, with the four major experiments. 



Two somewhat smaller scale detectors will also be operating at the LHC, the 
ALICE detector devoted to studies of the expected quark-gluon plasma QCD 
phase in heavy ion collisions, and the LHC-B detector specialised for B-physics 
and CP/B violation studies. Fig. 1. These two detectors are now also in the 
the construction phase. Both ATLAS and CMS have also significant B-physics 
programs [5,6], and CMS has also an interesting and in part unique heavy ions 
physics program [7], complementary to the one of ALICE. 
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2 Status of the LHC 

Civil Engineering 

The LEP electron- positron collider stopped operating at the end of 2000, it is 
now being removed and the 27 km long tunnel being prepared to accommodate 
the LHC machine magnets. The main civil engineering effort at present is on 
the excavation of the large underground experimental halls which will house the 
CMS and ATLAS detectors, and of the adjoining service caverns for electronics 
and computers. The ATLAS caverns are now excavated and will be ready in the 
course of 2002. At present, i.e. beginning of 2002, the two large shafts giving 
access to the underground halls of CMS at a depth of 70 m are terminated 
and excavation of underground caverns is proceeding at full speed. As the CMS 
detector can be test- assembled in the surface experimental hall, this allows for 
the underground caverns of CMS to be delivered by mid 2004. 



Status of Machine Dipoles 

The bending dipoles are the key elements of the LHC. About 65 % of the 27 km 
circumference of the tunnel will be covered twice with B = 8.3T magnetic held 
with 1232 2-in-f superconducting dipoles of 14.3m length cooled at 1.9 °K. A 
number of prototype 10 m long dipoles have been tested in 1999/2000. Five 15 
m long 6-block coil (final design) dipoles have been tested and satisfactorily 
operated above 8.3 T, as well as three second generation final design protot}rpe 
dipoles in 2001. Figure 2 shows quench curves of some of the 15 m prototypes: 
the Al-collar Noell (Nl) dipole, the steel-collar N2 dipole reaching the nominal 



Training quenches at 1.9 K to reach ultimate field of 9 tesla - first runs 




Quench number 



Fig. 2. Quench performance on Main Dipole Prototypes. 
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8.3 T field in 3 quenches and a 9T field after additional 5 quenches, the Al- 
sthom/Jeumont (Of) and Ansaldo (A2) dipoles. Thirty final-design industrial 
pre-production dipoles have been ordered from the three manufacturers, the first 
ones assembled at CERN and tested in 2001 gave excellent results. Quench per- 
formances of some of the pre-series dipoles are shown in Fig. 3. Two prototype 
final-design quadrupoles have been built and gave excellent results. The limiting 
factor in dipole production is now superconducting cable procurement. The mass 
production of LHC dipoles should reach a rate of 20 dipoles/month by mid- 
2002. The installation of the LHC magnets will go on through the years 2002 till 
2006, with machine commissioning end of 2006. A first pilot run is expected at 
the end of 2006, followed by a real 10 fb^^ physics run starting in the first half 
of 2007. 



Quench performance of the last tested pre-series dipole 



Training quenches and quench history at 1 .8K 




Fig. 3. Quench performance of last tested pre-series dipole (MBPSNOl). 



3 CMS Detector Construction 
and Expected Performances 

Basic Design Features 

A longitudinal cut through the CMS detector is shown in Fig. 4. Basic to the 
design of CMS is a 13.5 m long, 6.2 m inner diameter solenoid generating a uni- 
form magnetic field of 4 T [8] . The magnetic flux is returned through iron discs 
in the endcaps and a 1.8 m thick saturated iron barrel yoke instrumented with 
muon chambers. 

A second characteristic feature of the CMS design is that the entire hadronic 
and electromagnetic calorimeters are located inside the coil to minimise the 
effects of the “dead volume” of the coil on hadron shower developments i.e. on jet 
and missing Et measurements. The innermost part of the detector is occupied by 
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(meters) 

Fig. 4. Longitudinal cut through one quadrant of CMS. The barrel and endcap muon 
stations are denoted by MB and ME, the tower structure of the hadron calorimeter 
(HB, HE) and the arrangement of the electromagnetic calorimeter crystals (EB, EE) 
is indicated. 



a 6 m long, 1.2 m radius central tracker for efficient track reconstruction, allowing 
precise momentum and impact parameter measurements. 

The design goal of CMS is to measure muons, electrons and photons with 
a resolution of 1 % over a large momentum range (< 100 GeV), to measure 
jets with a resolution of » 10 % at Et = 100 GeV and to be highly hermetic for 
missing Ej performance as required for SUSY searches. 

Let us now briefly review the main features and status of construction of the 
major subsystems. 



Status of Solenoid Construction, Yoke and Coil 

The CMS magnetic return barrel yoke is the main structural element supporting 
the whole experiment. It is subdivided into 5 “wheels” . The mechanical structure 
of the barrel yoke is shown in Fig. 5. The central wheel also supports the cryostat 
of the solenoid to which are attached the barrel hadronic and electromagnetic 
calorimeters. Each of these iron wheels weighs about 1200 tons. The barrel muon 
stations are inserted in the gaps within the wheels. This whole barrel yoke struc- 
ture is now completed and assembled in the surface hall of CMS. Work is now 
progressing on the assembly of the 2x3 iron discs of the end-cap yoke (structure 
visible in Fig. 4). The endcap muon stations are attached to these discs. The 
hadronic and electromagnetic calorimeters are supported by the front endcap 
discs. The full yoke, barrel plus endcap will be completed by summer 2002. 
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Fig. 5. The mechanical structure of the CMS barrel return yoke, with the central 
“wheel” carrying the cryostat for the solenoid. 



Super-insulated thermal shield 



30mm SS. outer vacuum vessel 




05940 



60mm SS. inner vacuum vessel 



Welded SS. end-flange 



Fig. 6. Cross-section through the end of the solenoid of CMS with the 4-layers solenoid 
winding. 



A cross section through the end of the CMS solenoid and cryostat is shown in 
Fig. 6 [8]. To achieve the needed number of ampere-turns for the desired 4 Tesla 
field, a four layers winding is required. Longitudinally the solenoid is subdivided 
into five sections. The cross section through the solenoid conductor is shown 
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Fig. 7. Cut through the CMS solenoid conductor, with Rutherford superconducting 
cable and the pure A1 electrical and thermal stabiliser and the Al-alloy mechanical 
stabiliser layers. 





Fig. 8. The bending power of the CMS solenoid at various rapidities, including the 
field in the instrumented return yoke. 



in Fig. 7. The conductor consists of three parts, with an inner superconducting 
Rutherford cable surrounded by a pure Aluminium layer for thermal and electric 
stabilisation and an external Aluminium alloy layer for mechanical strength. 
The transverse dimensions of the conductor are 22 x 64 mm^ . The total length 
of conductor needed is 53 km. It is subdivided into 20 elements of 2.8 km each. 
Cable production is now in full swing, by now two of these elements have been 
produced. The coil was designed by CEA-Saclay and coil winding is under the 
responsability of the INFN-Italy [8] . 

The bending power at 4 T of the CMS solenoid is shown in Fig. 8 as a function 
of radius and at various rapidities. An advantage of a solenoidal magnet design 
is that in the central part within the coil coverage, where most of the interesting 
hard collisions physics is, the total bending power is 13 Tm, and including the 
field in the return yoke it is 16 Tm. This large bending power allows for tracker 
and muon chamber techniques less demanding on measurements precisions, and 
on a relative muon chambers-tracker alignment system of a 100 yum precision. 
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Muon System 

A robust muon detection system is central to the CMS concept, muons being 
the easiest particles to detect and measure in the crowded and hostile high 
luminosity LHC environment [5a]. Muons also provide the best signature for 
a number of physics signals, H— ^4/c^, Hsusy— ^ 2/c^, 4/r^, sparticle signals, 
B-physics channels, -0, Y jiT in pp and heavy ion collisions etc. 

The muon system has three purposes, to identify muons, to trigger and to 
measure their momenta. Muons are identified and measured in four muon sta- 
tions inserted in the return yoke. Figs. 4, 5. The precision momentum measure- 
ment however comes from the inner tracking and the interconnection between 
inner and outer measurements. The iron thickness in the yoke decouples two 
consecutive stations for the debris which may accompany a muon. Precision 
tracking in the muon stations in the barrel yoke is made with drift tube planes 
and with cathode strip chambers in the endcaps [9] . 

A cut through a barrel muon station in its final position in the iron yoke 
with the support structure is shown in Fig. 9. A barrel muon station consists of 
drift planes for precision measurements and one or two resistive plane chambers 
(RPC’s) on the outside for triggering [9]. 




Fig. 9. Cross section of a barrel muon chamber, in the T(f> (bending) plane. The two 
drift tube superlayers with wires parallel to the beam line are seen face on, the z-layer 
has wires parallel to beam. The two RPC chambers on the outside are also visible. 



There are 12 drift tube layers per barrel muon station, two quadruplets mea- 
suring in the bending plane (r<))), one the longitudinal (z) coordinate (except in 
station 4). A transverse view of the basic drift-tube cell is shown in Fig. 10, with 
drift lines and isochrones. The choice of a drift chamber as a tracking detector 
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Anode wire Electrode 




Fig. 10. Transverse view of the basic drift-tube cell, with drift lines and isochrones for 
a typical voltage configuration of the electrodes. 



in the barrel is dictated by the low expected rate and the relatively low intensity 
of the local stray magnetic field in the region of chambers. The resolution per 
layer is 250 yum. In a test beam a space resolution of « 100 yum and an angular 
accuracy on a local muon track segment of 1 mrad is achieved per station. 
Meantimer circuits provide a time resolution of a few nanoseconds as needed 
to identify the bunch crossing with a periodicity of 25 nsec [9] . About 250 such 
drift chambers of typically 2 x 3 m^ are needed for the barrel; with some delay 
relative to initial expectations, mass production in the various centres, Madrid, 
Padova, Aachen, Torino, has recently started. 

For the endcaps - Fig. 4, due to a high magnetic field and high particle rates, 
cathode strip chambers have been chosen for precise spatial and timing informa- 
tion [9]. The principle of coordinate measurements is sketched in Fig. 11. Close 
wire spacing allows for fast chamber response, while a track coordinate along 
the wires can be measured by interpolating strip charges. Each of the modules 
contains six layers, with strips running radially and wires for timing perpen- 
dicular to strips. The precision requirements for the endcap chambers is higher 
as the saggitta is smaller, tracks being harder and the magnet bending power 
diminishing. Fig. 8. For MEl/1 chambers (Fig. 4) in particular, a resolution of 
« 75 yum is needed. Overall, the endcap muon system consists of 540 six-plane 
trapezoidal chambers roughly Im wide and 1.5 m long. A typical chamber has 
about 1000 readout channels. The mass production of components and of cham- 
bers is proceeding at full speed in the various centres (Fermilab, UCLA, U. of 
Florida, PNPFSt. Petersburg, IHEP-Peking, Dubna). 

A muon trigger in the barrel drift tubes is generated using a meantimer to 
identify patterns. In the endcaps the trigger is generated from cathode strip 
readout patterns with timing from anode wires. For robustness, in both barrel 
and endcaps up to rapidity 2.1 the muon stations also include a dedicated muon 
trigger system based on fast resistive plate chambers (RPC) with a '^3 nsec 
time resolution [9], Fig. 9. They are segmented in '^Icm wide strips allowing 
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Cathode with j 



3 -16 mm * Avalanche 

Fig. 11. Principle of coordinate measurements with a cathode strip chamber, cross 
section across wires (top) and across cathode strips (bottom). 




Fig. 12. The basic principle of the RPC trigger, with RPC chambers in the barrel 
return yoke. 



a trigger level pt measurement up to 50 GeV. The trigger is based on pre- 
recorded patters of hits as sketched in Fig. 12. 



Tracker 

The tracker is the only CMS subdetector which has gone through major modifi- 
cations from the initial concept in the letter of intent, to the technical proposal 
[5a] and the final design [10]. The inner tracking system of CMS is designed 
to reconstruct high pt muons, isolated electrons and hadrons in \q\ <2.4 with 
a momentum resolution of Zipt/pt ~0.15pt © 0.5 % (pt in TeV). Hadrons must 
be reconstructed down to 1 GeV, as lepton and photon isolation is a very im- 
portant selection criterion for a number of physics signals. Hadrons must also 
be reconstructed within jets to allow for b-tagging through impact parameter 
measurements. The main problem in tracking is that of pattern recognition. As 
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Z ( cm ) 

Fig. 13. Layout of one quadrant of the all- silicon CMS tracker. 

at a luminosity of 10^*^ cm interesting events will be superimposed on a 

background of about 500 soft charged tracks within the rapidity range considered 
from '^17 minimum bias events occurring in the same bunch crossing. 

Small cell-size silicon microstrip detectors provide the required precision and 
granularity to maintain the cell occupancies below 1 %, but the number of 
detection channels is large. A sketch of the final tracker layout is shown in Fig. 13. 
Starting from the interaction point, in the barrel part of the tracker a particle 
encounters first two layers ( to be upgraded to three layers later on) of pixel 
detectors (100 yum x 150 fim) followed by 10 layers of microstrip Si detectors. The 
pitch varies from 67 to 200 /rm going outwards; strip lengths vary from 6 to 12 cm 
[10]. Almost every second Si microstrip layer is double to allow determination 
of the z coordinate of a track by a low-angle stereo measurement. The central 
barrel geometry is complemented at rapidities exceeding 1 by the same type 
of Si detectors organised in a disc geometry. The inner Si fi, strip sensors are 
320 jim thick, the outer ones, beyond 50 cm radial distance from the beam line, 
are 500 /rm. Altogether there are f«210m^ of silicon sensors with f«9.6xl0® 
microstrips and electronic channels and 75 k APV readout chips. Two vendors for 
the procurement of silicon sensors have been selected and orders are being now 
placed. Tests of first modules with readout electronics in the 0.25 yum technology 
give excellent results. 

The pixel layers (30 • 10® pixels of 100 x 150 yum^), at a radius of 4, 7.7 and 
11cm in the barrel - Fig. 13, insure precise impact parameter measurements, 
with an asymptotic (high momentum) accuracy of ajp = 10-20 yum in the trans- 
verse plane. For the initial ‘low luminosity’ (< 10®® cm^^s^^) running period 
only the pixel layers at radii of 4 and 7.7 cm will be implemented. For impact 
parameter measurements at forward rapidities 1.5 < |?/| < 2.4, the tracker is 
equipped with two pixel discs. Fig. 13. The mechanics of the pixel system has 
been designed to allow independent insertion, with the beam pipe in place. There 
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is good progress on j)ixel sensor and readout cliip design and its adaptation to 
tlie 0.25 /tin teelinology. 

A major difficulty in tlie design of a tracker for an LHC experiment is the 
large amount of material in the tracker volume and due to sensor material, 
electronirrs, mechanical support, cooling structures etc. The material budget of 
the ('MS tracker is shown in Fig. 14. Drapite all efforts to minimise it, it exceeds 1 
radiation length at rapidities ~ 1 .5. 'I'his hampers significantly the rwmnstruction 
and precise measurement of |)hotons and electrons. 



a 

X 



Fig. 14. The material budget in terms of radiation lengtlis of the various components 
of the CMS tracker. 




CMS Tracker - material budget 



.All Tracker 

fli Beam Pip« 
□ S«Bsi(ive 
m Klectmiics 
Support 
<'ooliag 
Cable 
Outiide 



Throughout the active tracker volume a track encounters always at least 12 
precision measurement layei-s of pixels+Si microstrips. Tracks are reconstructed 
with good efficiency even for tracks within jets. Figure 15 shows the exper-ted 
momentum resolution in the CMS tracker alone, and Fig. Hi for impact parame- 
ter measurements. This is obtained after a very detailed simulation, implement- 
ing a complete pattern recognition and track reconstruction procedure [10]. For 
higli momentum muons, the combination of tracker and muon chamber measure- 
ments improves veiw much the resolution: zApt/pt «().07 for a p= 1 TeV muon in 
|//| < 1.5. This requires that the relative alignment of the inner and outer systems 
be known to within ~100/tm [9|. 

I'he expi'ctc'd l>-tagging efficiency and sanqile |)urity has Imhui studied in de- 
tail with several tagging algorithms [1()|. Figure 17 shows the expected tagging 
efllcienc}' versus mistagging rate for three jet E, values and two possible tag- 
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Fig. 15. Momentum resolution in the CMS tracker as a function of rapidity. 
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Fig. 16. Expected impact parameter resolution in transverse and longitudinal plane 
versus rapidity [10]. 



216 



Daniel Denegri 



0.8 



0.7 — 



o' 0.6 — Iril < 0.7 

o 
o 



0.5 — 



D) 

C 

D) 

D) 

CO 



0.4 



0.3 — 



0.2 — 



0.1 — 



I ' I 

Low luminosity tracker 
- full pattern recognition 
and track reconstruction 



CMS 



• 50 GeV 
■ 100 GeV 
A 200 GeV 

I I I 



10 “' 



□ 



• ■ A 3 X 2o 
O □ A 2 X 3o 



10 ‘- 



10 " 



Mistagging probability 



Fig. 17. Expected b-tagging efficiency vs. mistagging rate for three Et jet values and 
two b-tagging algorithms. 



ging algorithms obtained from detailed simulations. For b-jets in tt events the 
efficiency is '^30-50%, whilst the expected fake rate probability is '^0.3-1 %. 



Electromagnetic Calorimeter 

The main task of the electromagnetic calorimeter is to measure precisely elec- 
trons and photons, and in conjunction with the hadron calorimeter to mea- 
sure also jets. The primary goal is to have a 77 mass resolution <tm < 1 GeV at 
10^*^ cm^^s^^. 

The electromagnetic calorimeter system of CMS is made of high resolution 
lead-tungstate (PbW 04 ) scintillating crystals extending up to \q\ = 3.0, and a Si 
preshower in the endcap region 1.5 < \q\ < 2.5 [11]. The high density of PbW 04 
crystals (8.3g/cm^), with a small Moliere radius of 2.2 cm and a short radiation 
length of 0.9 cm makes it also possible to have a very compact calorimeter. The 
arrangement of crystals is shown in Figs. 4 and 18. The geometry is slightly 
off-pointing (by '^3 deg.). In the barrel the crystals are 26 Xq deep, the lateral 
granularity is « 2.2 cm x 2.2 cm i.e. Aq x Ac}) = 0.0175 x 0.0175. In the endcaps 
the granularity is f«2.5cm x 2.5 cm, and the crystals plus preshower system is 
28 Xq deep. As the intrinsic light yield of PbW04 is low, crystals have to read 
out with photodetectors with gain, which are also required to operate in a high 
magnetic field. In the barrel crystals are read out with Si avalanche photodi- 
odes (APD’s) [11] and in the endcaps, where the radiation dose is much higher, 
with vacuum phototriodes (VPT) [11]. The ECAL readout chain is sketched in 
Fig. 19. The total number of crystals is f«0.8 x 10®. The residual variation of 
the light output with radiation dose can be followed and is corrected for through 
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Fig. 18. A 3-D view of the electromagnetic calorimeter, with the preshower in front of 
the endcap crystals. The modular structure of the calorimeter is also clearly visible. 
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Fig. 19. Electromagnetic calorimeter readout chain. 



the monitoring system [11]. With a prototype PbW 04 calorimeter in a test 
beam an energy resolution of <te/E~0.6% has been obtained for electrons of 
Et = 120 GeV. 

Large scale production of crystals started in 2000. By now, end of 2001, about 
10000 crystals with required mechanical, light yield and radiation hardness prop- 
erties have been produced at the Bogorodijsk factory in Russia. Avalanche photo- 
diode production (120 k APD’s are needed) is also going on at full speed at Ham- 
mamatsu, about 15000 have already been delivered. Industrial pre-production 
of VPT’s for the endcaps has also started. The regional centres for the assembly 
of modules and supermodules are ready. The major problem at present in the 
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electromagnetic calorimeter is the much higher than expected cost of crystals 
(cost overruns and unfavourable evolution of the $US vs SF exchange rate) and 
the front-end electronics chain (Fig. 19). The present front-end chip (FPPA) has 
a '^4 times larger noise than expected and is being redesigned. The optical links 
are also significantly more expensive than expected. A major redesign of the 
ECAL electronics is under way. 

The main task of the preshower [11] is to reduce the pizero background to 
photons. It is particularly important for h/H— ^ 77 where it brings a background 
reduction by about a factor of 3 at « 40 GeV. Silicon sensors for the preshower 
are now in production in Russia, India and Taiwan and preamplifiers have been 
successfully tested. 



Hadron Calorimeters 

Hadron calorimetry with large geometrical coverage for measurement of multi- 
jet final states and missing transverse energy is essential in all sparticle searches, 
as it is the missing E^ which provides evidence for the escaping LSP-neutralinos. 

The hadron calorimeter of CMS is made of brass absorber plates interleaved 
with scintillator tiles read-out with embedded wavelength shifting fibres [12]. 
Brass is a satisfactory compact and non-magnetic absorber material of relatively 
low Z to minimise muon multiple scattering. The readout in the 4 Tesla field is 
done with hybrid photodetectors [12]. In both barrel and endcaps the tiles are or- 
ganised in towers (Fig. 4) giving a lateral segmentation of Arj x Z\<)>f«0.09 x 0.09. 
This central hadron calorimetry extends up to \q\ = 3.0. Particular attention has 
been given to the design of the barrel/endcap transition region at 7 '^1.5 to 
avoid pointing cracks and dead material. The hadronic resolution obtained in 
a test beam is <te/E « 100 %/a/E 0 5 % for the combined ECAL-PbW04 and 
hadronic calorimeter system. Fig. 20. In such a mixed calorimeter - with signifi- 
cantly different electromagnetic to hadronic (e/h) response ratios in the two parts 
(e/h'^ 1.8 in ECAL vs. 1.2 in HCAL) - linearity is more difficult to achieve than 
in a more homogeneous calorimeter system. To restore linearity and to compen- 
sate for the effects of dead material in the space between the ECAL and HCAL, 
weighting techniques will be used. At present a deviation from linearity of < 4 % 
can be obtained for test beam pions with energy from 20 to 300 GeV [12]. 

The central calorimetry is complemented in the forward region 3.0 < \q\ < 5.0 
by quartz-fibre ‘very forward calorimeters’ (Fig. 4) [12]. Their function is to 
insure detector hermeticity for good missing transverse energy resolution, and 
to extend the forward jet detection and jet vetoing capability of CMS which is 
essential in Higgs, slepton, chargino and neutralino searches [13]. Detector her- 
meticity is particularly important for processes where the physical (real) missing 
Et is on the order of few tens of GeV, as is the case in h, H, A— ^tt, W— 
t^li/b t^H±b — ^Tz/b etc. Calorimetry extending up to 7»5 (i.e. with VF- 
CAL) reduces the fake (instrumental) Et™’®® by an order of magnitude in the 
20-120 GeV range [12]. 

Despite all efforts, CMS does not achieve completely its goal of having a deep 
enough calorimetry fully contained within the coil. Insufficient shower contain- 
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Fig. 20. Energy resolution of the combined HCAL+ECAL system from test beam 
data, for various thicknesses of the HCAL absorber plates. 




Fig. 21. Total thickness of calorimeters in CMS versus rapidity, with and without the 
tail catcher layers. 
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ment in depth is responsible for the presence of low-energy tails in hadronic (jet) 
energy measurements, which is one of the main sources of instrumental missing 
Et. Tail-catcher scintillator layers with fiber optic readout (outer calorimeter) 
are inserted in the barrel region just behind the coil [12]. Inclusion of tail-catcher 
layers allows hadron energy measurements with at least 10.5 absorber lengths 
everywhere, as visible from Fig. 21. 

The barrel hadron calorimeter is made of 2 x 18 modules (wedges). It is fixed 
onto the inner wall of the coil cryostat. The hadron calorimeter is the main 
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structural element onto which is mounted the ECAL and to which is attached 
the tracker. All the HCAL wedges have been fabricated (in Felguera, Spain) 
and delivered to CERN where the first half-barrel has been assembled. The 
scintillator-fibre active elements (“megatiles”), produced and tested at FNAL, 
are now being mounted inside the brass structure. The full barrel HCAL should 
be finished by mid-2002. The hadron calorimeter endcaps, which are mounted 
on the “nose” of the first endcap yoke disc (Fig. 4), are machined in Minsk. One 
of the two endcaps has already been delivered at CERN and the manufacture 
of optical elements is proceeding well in Protvino. The mass production of for- 
ward calorimeter wedges has also started in Tcheliabinsk, Russia. The quartz 
fibers and photomultipliers will soon be ordered. About one third of the outer 
calorimeter (tail-catcher) scintillator tiles have also been already produced in 
India. 



Trigger and Data Acquisition 

The four main components of the trigger and data acquisition system of CMS, 
sketched in Fig. 22, are the front-end electronics, the muon and calorimeter first 
level trigger processors, the readout network and the online event filter sys- 
tem. At the design luminosity of 10^‘^cm“^s“^ and a bunch crossing frequency 
of 40 MHz and with an expected non-diffractive inelastic pp cross section of 
55 mb at A/s = 14TeV, we expect on average 17 pp collisions per bunch cross- 
ing. The collision rate of 40 MHz has to be reduced by the hardwired first-level 
trigger system [14] to a rate of 30 to 50 kHz by selecting on candidate muons, 
electrons/photons, jets, missing energy or the global transverse energy flow. The 
fron-end electronics and first level trigger processors are pipelined with a pipeline 
depth of 3 yusec. The first-level trigger rate will be shared approximately equally 
between calorimetric and muon hardware triggers. The higher level triggers in 
CMS are software implemented. A t}q)ical event size is 1 Mbyte. An event builder, 
a large (512 x 512 ports) switching network with a throughput of 500 Gbits/s, 




Fig. 22. Trigger and data acquisition scheme of CMS. 
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feeds the event filter which will be made of a large number of commercially 
available processors organised into farms [5a] with a total computing power of 
5 • 10® MIPs. This event filter stage, capable of accepting from the first level trig- 
ger an input rate of 75 kHz to assure a safety margin, must reduce in several 
steps, executing “higher level trigger” physics algorithms, the data rate down to 
about 100 Hz to match the data taking capability of the mass storage devices. A 
single CPU processes one event. The farm of processors will be used both for on- 
line and off-line applications. The total data production rate will be 1 Tbyte 
per day. 

4 Higgs Expectations, SM and MSSM 

SM Higgs Coverage and SUSY Higgs Reach 
in MSSM Parameter Space 

The main task at the LHC will be to investigate the mechanism responsible for 
electroweak symmetry breaking. Both ATLAS and CMS have studied in great 
detail the observability of the SM Higgs in its various decay modes H— ^ 77 , bb, 
WW (— ^ IMz/) TIL* j TIL (—^41^) etc. In fact both detectors CMS and ATLAS have 
to a large extent been designed and optimized in view of the SM Higgs search. 
The outcome of these studies is summarized in Fig. 23. It gives the expected SM 
Higgs signal significance for 100 fb^^ according to ATLAS expectations. Fig. 23a, 
and in Fig. 23b the integrated luminosity required to see a 5 <t signal according to 
CMS expectations [15-17]. The SM Higgs cannot escape detection over the entire 
expected mass range. The region 200 < mn < 600 GeV can be explored with less 
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Fig. 23. Observability of the SM Higgs versus mu at the LHC; a) signal significance 
in various decay modes for 100 fb^^ according to ATLAS expectations [15], b) required 
luminosity for a 5a signal in the main decay modes according to CMS expectations. 
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Fig. 24. Coverage of parameter space in various MSSM Higgs boson searches at lumi- 
nosities of 30 and 100 fb^^ according to CMS expectations. 

than 10fb“^. Most demanding is the region mjj < 125 GeV which relies on the 
H — ^77 and H— ^bb modes, and requires >30fb 

The observability of the five MSSM Higgs bosons (h, H, A, ) throughout 
the parametyer space has also been studied in great detail [15-17]. For MSSM 
Higgses some addtional decay modes appear such as h, H, A — ^ tt or H^ — ^ tv 
requiring detection of t’s in final states, or h, H, which plays no role 

in SM Higgs searches. In fact the importance of r-final states - especially with 
hadronic t decays - is such that CMS had to change significantly its level- 1 
T and jet triggering strategy and trigger algorithms to optimize efficiency for 
t’s. Another distinctive feature of MSSM Higgs production is the importance of 
bbHsusY associated production final states, especially at large tan f3. The need 
to detect and identify (b-tag) efficiently these relatively soft accompan}dng b-jets 
has also played a major role in the final optimization of the pixel/microvertexing 
part of the CMS tracker [10]. 

Coverage of parameter space in some of the MSSM Higgs boson searches at 
luminosities of 30 and 100 fb^^ according to CMS expectations is shown in Fig. 24 
[16, 17]. The entire tg/3 — mA MSSM parameter space can be explored with less 
than 30f b^^ and at least one of the MSSM Higgs bosons always found. There are 
large parts of parameter space where several Higgs bosons can be found, espe- 
cially at large tan /? (> 10) where A/H/H^ masses up to 500-800 GeV are within 
reach with 100 fb^^. The role and importance of t’s in h, H, A — ^ tt or H^ — ^ tv 
searches is evident, as these are the channels allowing to explore the largest por- 
tions of parameter space. These studies are continuing, more specifically on the 
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possibilities to observe sparticle decay modes such as H, A — ^ X 2 X 2 41^ + 
or 31^ [18]. The channel H, A— ^ X 2 A 2 i® particularly in- 

teresting as it allows to explore a region complementary to H, A— Another 
domain of present investigations are the WW(ZZ) boson fusion production mech- 
anism channels with H — ^ 77 and tt or h, H — ^ XiXi “invisible Higgs” decays [19] . 

5 Sparticle Studies in CMS 

A variety of studies on sparticle reach have been performed, mostly assuming 
R-parity conservation, but also with R parity non-conservation and in GMSB 
scenarios [20, 21]. As well known, the lightest neutralino (y®) of R-parity con- 
serving scenarios is a good particle physics candidate for cosmological dark mat- 
ter [3]. It escapes direct detection and reveals itself through missing Et. The most 
extensive studies of sparticle observability have been done within the minimal 
supergravity-constrained MSSM model [22, 20]. The five parameters which de- 
termine all masses, couplings, production cross sections, decay branching ratios 
are: mo and mj ^/2 (respectively the common scalar and gaugino masses at GUT 
scale), tg/3, Aq and sign(/r). 

Squarks and gluinos are abundantly produced in pairs qq, gq, gg, but the 
associated production modes gy, qy are also significant. Fig. 25. With increasing 
q / g mass, decays to charginos, neutralinos and even sleptons become important. 
These ‘cascade decays’ can lead to very complex decay schemes and final states 




Fig. 25. Squark and gluino production cross sections at LHC at NLO in terms of 
mSUGRA parameters. 
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containing a number of leptons, jets and missing Et. B-quarks appear with sub- 
stantial branching ratios in the decays of g or q. As there are always at least 
two escaping LSP’s, no sparticle mass peak can be entirely reconstructed, and 
evidence for a SUSY signal will depend primarily on an excess of events over 
expected backgrounds. 



Gluinos and S quarks 

To evaluate the g and q mass reach, a systematic study of signal observability has 
been done in final states with a variable number of leptons, with at least two jets 
and a significant The cuts have been optimised for the different topologies 

as a function of dominant backgrounds and as a function of the domain of pa- 
rameter space probed [20]. Figure 26 shows the 5 <t squark and gluino discovery 
contours at low tan/3 for an integrated luminosity of 10^ fb^^ in various final 
states with one lepton (11), two leptons of opposite sign (21 OS), two leptons of 
same sign (21 SS), three leptons (31) and four leptons (41) in final states, with at 
least two central jets and E]”'®® of at least 100 GeV. Squark and gluino isomass 
curves are also shown. The mass reach for q, g is in excess of 2 TeV. Figure 27 
shows the domain of parameter space which can be explored with integrated 
luminosities var}dng from 1 to 300 fb“^ in the inclusive topology E™‘®® + jets, ir- 



SUGRA - MSSM, tg p = 2, Ag = 0, |x < 0 



5 a contours 




Fig. 26. Squark and gluino mass reaches in various topologies from 1 to 5 leptons with 
10^ in mSUGRA for tan/3 = 2 and p < 0. 
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^ ^ miss 

CMS q, g mass reach in Eir + jets inclusive channel 
for various integrated luminosities 




Fig. 27. Squark xand gluino discovery contours in mSUGRA for tan/3 = 35, /ii> 0 in 
jets + Et™'®® final states for integrated luminosities from 1 to 300 fb^^. The neutralino 
dark matter density contours of Q]a? equal to 0.15 and 0.4 are indicated [25]. 



respective of number of leptons in final state, for tan /? = 35 [20] . The squark and 
gluino mass reach is again in the '^2.5TeV range for 10^ fb^^. The mass range 
0.5-0. 7 TeV can be explored with just few weeks of data taking. The appearing 
as the end-product in the q, g decay chains over the explorable q, g mass domain 
spans a mass range from 50 to 500 GeV. The main cosmologically plausible 
region of f?h^ <0.4 can be also rapidly explored. 

Mass Reconstruction 

The issue of reconstructing sparticle masses in a hadron collider experiment has 
been discussed in a number of articles [22, 23]. Indirect X 2 production from q, g 
cascades can be so abundant that the kinematical upper limit in the 1+1^ mass 
spectrum from X 2 1^1” X 2 decay is easily visible as a distinct edge even in in- 
clusive isolated dilepton studies. Fig. 28a for example. This edge is the starting 
point of sparticle mass reconstruction, an example is given in what follows. This 
remains so as long as the y!] Xi decay mode is significant ie at low to mod- 

erate tan j3 [23]. At larger tan j3 values, say > 15, with the increasing role played 
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Fig. 28. Dilepton mass spectra in inclusive two leptons + final states at the 

indicated point in mSUGRA parameter space with tan/3 = 2 and 35; there are no cuts 
on jets; the expected SM background is shaded. 



by staus and tans in final states in both Xi 11 Xi 

regions [22, 24], the visibility of the dilepton edge diminishes. It is gradually 
replaced by a pronounced dilepton low mass enhancement, indicative of its tt 
origin in the opposite-sign e/j, final states. Ultimately, at large tan/3, Fig. 28b, 
the staus and taus dominate so much, that the dilepton spectrum shapes in same 
flavour and different flavour final states are practically the same, as are the pro- 
duction cross sections for the threshold mass enhancement. From the comparison 
of shapes and magnitudes of same flavour vs. different flavour dileptons it is then 
possible to constrain the tan (3 parameter [24] . 

The domain of parameter space where the dilepton (ee, p,p,) spectrum is 
showing this prominent edge has been mapped for several sets of mSUGRA 
parameters [24]. Figure 29a shows such a domain where the dilepton edge is 
visible at low tan/3. Figure 29b shows the domain of visibility of the low-mass 
enhancement in dilepton spectra expected at large tan (3 when t (stau) dominates 
lepton production. 

As mentioned previously, from dilepton edges it is possible, by choosing 
events at the edge, to reconstruct the parent y® momentum by the methods 
developed in [23] . It is then possible to reconstruct the q mass from the q — ^ qx 2 
chain by associating the X 2 four-momentum with nearby q-jets. An example of 
such reconstructed squark mass is shown in Fig. 30a for the decay b— ^by^ [26]. 
The mSUGRA parameters for Fig. 30 are: mo = 100 GeV, mj ^/2 = 250 GeV, tan (3 
= 10, Ao = 0, jjL>0. There are significant regions of parameter space, where the 
chain of decays can be reconstructed and sparticle masses determined, at least 
for low to moderate tan/3 i.e. as long as sharp dilepton edges are observable. 
Fig. 29a. Figure 30b shows the next step in reconstruction of the decay chain. 
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namely g reconstruction from g — >■ bb — ^ ■ For botli b and g tlie 

masses are reconstructed with a resolution of w 15%. 
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Fig. 29. Domains of mSUGRA parameter space where in inclusive final 

states the dilepton edge can be observed at low tan/? (a) and where the dilepton low 
ma.ss enhancement can be observed at large tan/? (b). 




Fig. 30. (a) Reconstruction of q mass selecting events in the region of the l‘^l~ edge 
from X 2 X° decays; (b) Reconstruction of g— »• bb decay exploiting the lU~ edge 

from decays 
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6 Summary and Conclusions 

Construction of the LHC is proceeding rapidly. The large underground experi- 
mental areas for ATLAS and CMS are being excavated. The last series of proto- 
types of main machine dipoles has very satisfactory performance. The industrial 
preproduction of dipoles has been launched. CMS construction is proceeding at 
full speed. All the major subsystems are now in the production/construction 
phase. The overall detector cost amounts to » 500 MSF, about 50 % has already 
been committed and available resources cover close to 90 % of the full detector 
cost. LHC commissioning is expected at the end of 2006/beginning 2007 and 
CMS should be ready to take data. 

The SM Higgs cannot escape detection over the expected mass range. The 
region 200 < mu <600GeV can be explored with less than 10 fb^^. The entire 
tg/3 — mA MSSM parameter space can be explored with less than 30fb“^ and 
at least one of the MSSM Higgs bosons always found. There are large parts 
of parameter space where several Higgs bosons can be found. The ATLAS and 
CMS detector designs are flexible and powerful enough that they would also 
allow to explore ew symmetry breaking schemes other than the Higgs one. The 
LHC is also the most appropriate machine to look for squarks and gluinos. The 
mass reach in the 2-3 TeV range. The LHC allows also investigation of a large 
fraction of the SUSY sparticle spectrum. Reconstruction of the sparticle mass 
spectrum will however be a long and tedious task. Exploration of the 2-3 TeV 
squark/gluino mass range allows also to probe extensively the 

cosmological dark matter scenarios. How to probe at the LHC the recent 
hypothesis of possibly large extra dimensions is actively investigated [4, 27]. 
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Abstract. The ATLAS detector designed and built by a collaboration of ~ 2000 physi- 
cists will begin taking data at the Large Hadron Collider around 2007. This document 
describes the physics motivation for the construction of the detector, the different 
components and their expected performance. 



1 Introduction 

The success of the SM of strong, weak and electromagnetic interactions has 
drawn increased attention to its limitations. In its simplest version, the model 
has 19 parameters, the three coupling constants of the gauge theory S'[/(3) x 
SU{2) X (7(1), three lepton and six quark masses, the mass of the Z boson 
which sets the scale of weak interactions, and the four parameters which de- 
scribe the rotation from the weak to the mass eigenstates of the charge —1/3 
quarks (CKM matrix). All of these parameters are known with varying errors. 
Of the two remaining parameters, a CP-violating parameter associated with the 
strong interactions must be very small. The last parameter is associated with 
the mechanism responsible for the breakdown of electroweak SU{2) x U{1) to 
U (l)em- This can be taken as the mass of the, as yet undiscovered, Higgs boson. 
The couplings of the Higgs boson are determined once its mass is given. 

The gauge theory part of the SM has been well tested, but there is no di- 
rect evidence either for or against the simple Higgs mechanism for electroweak 
symmetry breaking. All masses are tied to the mass scale of the Higgs sector. Al- 
though within the model there is no guidance about the Higgs mass itself, some 
constraints can be delivered from the perturbative calculations within the model 
requiring the Higgs couplings to remain finite and positive up to an energy scale 
[1]. Such calculations exists at the two-loop level for both lower and upper Higgs 
mass bounds. With present experimental results on the SM parameters, if the 
Higgs mass is in the range 160 to 170 GeV [2] then the renormalisation-group 
behaviour of the Standard Model is perturbative and well behaved up to Planck 
scale Api ~ 10^® GeV. For smaller or larger values of niH new physics must set 
in below Api. As its mass increases, the self couplings and the couplings to the 
W and Z bosons grow [3]. This feature has a very important consequence. Either 
the Higgs boson must have a mass less than about 800 GeV, or the dynamics of 
WW and ZZ interactions with centre-of-mass energies of order 1 TeV will reveal 
new structure. It is this simple argument that sets the energy scale that must 
be reached to guarantee that an experiment will be able to provide information 
on the nature of electroweak symmetry breaking. 
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The presence of a single elementary scalar boson is unsatisfactory to many 
theorists. If the theory is part of some more fundamental theory, which has some 
other larger mass scale (such as the scale of grand unification or the Planck scale), 
there is a serious ‘fine tuning’ or naturalness problem. Radiative corrections to 
the Higgs boson mass result in a value that is driven to the larger scale unless 
some delicate cancellation is engineered ((mg — m^) where mg and mi 

are order 10^® GeV or larger). There are two ways out of this problem which 
involve new physics on the scale of 1 TeV. New strong dynamics could enter that 
provides the scale of niw, or new particles could appear so that the larger scale 
is still possible, but the divergences are cancelled on a much smaller scale. In 
any of the options. Standard Model, new dynamics or cancellations, the energy 
scale is the same; something must be discovered at the TeV scale. 

Supersymmetry [4] is an appealing concept for which there is so far no experi- 
mental evidence. It offers the only presently known mechanism for incorporating 
gravity into the quantum theory of particle interactions and provides an elegant 
cancellation mechanism for the divergences, provided that at the electroweak 
scale the theory is supers}unmetric. The successes of the Standard Model (such 
as precision electroweak predictions) are retained, while avoiding any fine tun- 
ing of the Higgs mass. Some supersymmetric models allow for the unification 
of gauge couplings at a high scale and a consequent reduction of the number of 
arbitrary parameters. 

Supersymmetric models postulate the existence of superpartners for all the 
presently observed particles: bosonic superpartners of fermions (squarks and 
sleptons), and fermionic superpartners of bosons (gluinos and gauginos). There 
are also multiple Higgs bosons: h, H, A and H^. There is thus a large spectrum of 
presently unobserved particles, whose exact masses, couplings and decay chains 
are calculable in the theory given certain parameters. Unfortunately these pa- 
rameters are unknown. Nonetheless, if supersymmetry is to have anything to do 
with electroweak symmetry breaking, the masses should be in the region below 
or order of 1 TeV. 

An example of the strong coupling scenario is ‘technicolour’ for models based 
on dynamical symmetry breaking [5] . Again, if the d}mamics is to have anything 
to do with electroweak symmetry breaking we would expect new states in the 
region below 1 TeV; most models predict a large spectrum of such states. An 
elegant implementation of this appealing idea is lacking. However, all models 
predict structure in the WW scattering amplitude at around 1 TeV centre-of- 
mass energy. 

There are also other possibilities for new physics that are not necessarily re- 
lated to the scale of electroweak symmetry breaking. There could be new neutral 
or charged gauge bosons with mass larger than the Z and W; there could be new 
quarks, charged leptons or massive neutrinos, or quarks and leptons could turn 
out not to be elementary objects. While we have no definitive expectations for 
the masses of these objects, the LHC experiments must be able to search for 
them over the available energy range. 
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2 Motivation and Chalanges 

In the initial phase at low luminosity, the experiment will function as a factory 
for QCD processes, heavy flavour and gauge bosons production. This will allow 
a large number of precision measurements in the early stages of the experiment. 

A large variety of QCD related processes will be studied. These measurements 
are of importance as studies of QCD ‘per se’ in a new energy regime with high 
statistics. Of particular interest will be jet and photon physics, open charm and 
beauty production and gauge bosons production. A study of diffractive processes 
will present significant experimental challenges itself, given the limited angular 
coverage of the ATLAS detector. Several aspects of diffractive production of jets, 
gauge bosons, heavy flavour partons will be nevertheless studied in detail. LHC 
will extend the exploration of the hard partonic processes to large energy scales 
(of few hundred GeV'^), while reaching small fractional momentum of the proton 
being carried by a scattered partons. Precise constraints on the partonic distri- 
bution functions will be derived from measurements of Drell-Yan production, of 
W and Z bosons production, of production of direct photons and high-pT^ jets, 
heavy flavours and gauge boson pairs. Deviation from the theoretical predictions 
for QCD processes themselves might indicate the onset of new physics, such as 
compositeness. Measurement and understanding of these QCD processes will be 
essential as they form the dominant background searches for new phenomena. 

Even at low luminosity, LHC is a beauty factory with 10^^ bb expected per 
year. The available statistics will be limited only by the rate at which data can 
be recorded. The proposed B-physics programme is therefore very wide. Spe- 
cific B-physics topics include the search for and measurement of CP violation, of 
Bg mixing and of rare decays. ATLAS can perform competitive high-accuracy 
measurements of mixing, covering the statistically preferred range of the 
Standard Model predictions. Rare B mesons such as Be will be copiously pro- 
duced at LHC. The study of 5-baryon decay dynamics and spectroscopy of rare 
B hadrons will be also carried out. 

LHC has a great potential for performing high precision top physics measure- 
ments with about eight million tt pairs expected to be produced for an integrated 
luminosity of 10/6^^. It would allow not only for the precise measurements of 
the top-quark mass (with a precision of GeV) but also for the detailed study 
of properties of the top-quark itself. The single top production should be observ- 
able and the high statistics will allow searches for many rare top decays. The 
precise knowledge of the top-quark mass places strong constraints on the mass 
of the Standard Model Higgs boson, while a detailed study of its properties may 
reveal as well new physics. 

One of the challenges to the LHC experiments will be whether the precision 
of the W-mass measurement can be improved. Given the 300 million single W 
events expected in one year of data taking, the expected statistical uncertainty 
will be about 2 MeV. The very ambitious goal for both theory and experiment 
is to reduce the individual sources of systematic errors to less than 10 MeV, 
which would allow for the measurement of the W mass with precision of better 
than 20 MeV. This would ensure that the precision of the W mass is not the 
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dominant source of errors in testing radiative corrections in the SM prediction 
for the Higgs mass. 

The large rate of gauge boson pair production at the LHC enables ATLAS to 
provide critical tests of the triple gauge-boson couplings. The gauge cancellations 
predicted by the Standard Model will be studied and measurements of possible 
anomalous couplings made. These probe underlying non-standard physics. The 
most sensitive variables to compare with Standard Model predictions are the 
transverse momentum spectra of high-p^ photons or reconstructed Z bosons. 

If the Higgs boson is not discovered before LHC begins operation, the searches 
for it and its possible supersymmetric extensions in the Minimal Supersymmetric 
Standard Model (MSSM) will be a main focus of activity. Search strategies 
presented here explore a variety of possible signatures, being accessible already 
at low luminosity or only at design luminosity. Although the cleanest one would 
lead to reconstruction of narrow mass peaks in the photonic or leptonic decay 
channels, very promising are the signatures which lead to multi-jet or multi-r 
final states. In several cases signal-to-background ratios much smaller than one 
are expected, and in most cases detection of the Higgs boson will provide an 
experimental challenge. Nevertheless, the ATLAS experiment alone will cover 
the full mass range up to 1 TeV for the SM Higgs and also the full parameter 
space for the MSSM Higgs scenarios. It has also a large potential for searches in 
alternative scenarios. 

Discovering SUSY at the LHC will be straightforward if it exists at the 
electroweak scale. Copious production of squarks and gluinos can be expected, 
since the cross-section should be as large as a few pb for squarks and gluinos 
as heavy as 1 TeV. Their cascade decays would lead to a variety of signatures 
involving multi-jets, leptons, photons, heavy flavours and missing energy. In 
several models, discussed in detail in this volume, the precision measurement of 
the masses of SUSY particles and the determination of the model parameters 
will be possible. The main challenge would be therefore not to discover SUSY 
itself, but to reveal its nature and determine the underlying SUSY model. 

3 The ATLAS Detector 

3.1 Introduction 

The Large Hadron Collider (LHC) is a proton-proton collider with 14 TeV centre 
of mass energy and design luminosity of Beam crossings are 25 ns 

apart and at design luminosity there are 23 interactions per crossing [6] . 

The ATLAS experiment has now entered the construction phase for many 
of its detector components, with a strict schedule to meet the first collisions at 
LHC in summer 2006. 

3.2 Detector Concept 

A broad spectrum of detailed physics studies led to the overall detector concept 
presented in the ATLAS Technical Proposal [7] . The basic design criteria of the 
detector include the following. 
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• Very good electromagnetic calorimetry for electron and photon identification 
and measurements, complemented by full-coverage hadronic calorimetry for 
accurate jet and missing transverse energy (A™*®®) measurements; 

• High-precision muon momentum measurements, with the capability to guaran- 
tee accurate measurements at the highest luminosity using the external muon 
spectrometer alone; 

• Efficient tracking at high luminosity for high-p^ lepton-momentum measure- 
ments, electron and photon identification, t lepton and heavy-flavour identi- 
fication, and full event reconstruction capability at lower luminosity; 

• Large acceptance in pseudorapidity (rf) with almost full azimuthal angle (</>) 
coverage everywhere. The azimuthal angle is measured around the beam axis, 
whereas pseudorapidity relates to the polar angle (ff) where 0 is the angle from 
the z direction. 

• Triggering and measurements of particles at low-px thresholds, providing high 
efficiencies for most physics processes of interest at LHC. 

The overall detector layout is shown in Fig. 1. The magnet configuration is 
based on an inner thin superconducting solenoid surrounding the inner detector 
cavity, and large superconducting air-core toroids consisting of independent coils 
arranged with an eight- fold symmetry outside the calorimeters. 




Fig. 1. The ATLAS detector 



The Inner Detector (ID) is contained within a cylinder of length 7 m and 
a radius of 1.15 m, in a solenoidal magnetic held of 2 T. Pattern recognition, 
momentum and vertex measurements, and electron identification are achieved 
with a combination of discrete high-resolution semiconductor pixel and strip 
detectors in the inner part of the tracking volume, and continuous straw-tube 
tracking detectors with transition radiation capability in its outer part. 
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Highly granular liquid-argon (LAr) electromagnetic (EM) sampling calorime- 
try, with excellent performance in terms of energy and position resolution, cov- 
ers the pseudorapidity range \q\ < 3.2. In the end-caps, the LAr technology is 
also used for the hadronic calorimeters, which share the cryostats with the EM 
end-caps. The same cryostats also house the special LAr forward calorimeters 
which extend the pseudorapidity coverage to|?/| = 4.9 The bulk of the hadronic 
calorimetry is provided by a novel scintillator-tile calorimeter, which is separated 
into a large barrel and two smaller extended barrel cylinders, one on each side of 
the barrel. The overall calorimeter system provides the very good jet and E™*®® 
performance of the detector. 

The LAr calorimetry is contained in a cylinder with an outer radius of 2.25 
m and extends longitudinally to ±6.65 m along the beam axis. The outer radius 
of the scintillator-tile calorimeter is 4.25 m and its half length is 6.10 m. The 
total weight of the calorimeter system, including the solenoid flux-return iron 
yoke which is integrated into the tile calorimeter support structure, is about 
4000 Tons. 

The calorimeter is surrounded by the muon spectrometer. The air-core toroid 
system, with a long barrel and two inserted end-cap magnets, generates a large 
magnetic held volume with strong bending power within a light and open struc- 
ture. Multiple-scattering effects are thereby minimised, and excellent muon mo- 
mentum resolution is achieved with three stations of high- precision tracking 
chambers. The muon instrumentation also includes as a key component trigger 
chambers with very fast time response. 

The muon spectrometer defines the overall dimensions of the ATLAS de- 
tector. The outer chambers of the barrel are at a radius of about 11 m. The 
half-length of the barrel toroid coils is 12.5 m, and the third layer of the forward 
muon chambers, mounted on the cavern wall, is located about 23 m from the 
interaction point. The overall weight of the ATLAS detector is about 7000 Tons. 

The primary goal of the experiment is to operate at high luminosity with a 
detector that provides as many signatures as possible. The variety of signatures 
is considered to be important in the harsh environment of the LHC in order to 
achieve robust and redundant physics measurements with the ability of inter- 
nal cross-check. The measurement of the luminosity itself will be a challenge. 
Precision measurements employing the total and elastic cross-sections require 
specialised detectors. A measurement with a precision of 5% to 10% may be 
obtained from the machine parameters. 

3.3 Inner Detector 

The Inner Detector (ID) [8] combines high-resolution detectors at the inner radii 
with continuous tracking elements at the outer radii, all contained in the CS 
which provides a nominal magnetic held of 2 T. 

The momentum and vertex resolution requirements from physics call for high- 
precision measurements to be made with fine-granularity detectors, given the 
very large track density expected at the LHC. Semiconductor tracking detec- 
tors, using silicon microstrip (SCT) [9] and pixel [10] technologies offer these 
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features. The highest granularity is achieved around the vertex region using 
semi-conductor pixel detectors. The total number of precision layers must be 
limited because of the material they introduce, and because of their high cost. 
Typically, three pixel layers and eight strip layers (four space points) are crossed 
by each track. A large number of tracking points (typically 36 per track) is 
provided by the straw tube tracker (TRT) [9], which provides continuous track- 
following with much less material per point and a lower cost. The combination 
of the two techniques gives very robust pattern recognition and high precision 
in both (f> and z coordinates. The straw hits at the outer radius contribute sig- 
nificantly to the momentum measurement, since the lower precision per point 
compared to the silicon is compensated by the large number of measurements 
and the higher average radius. The relative precision of the different measure- 
ments is well matched, so that no single measurement dominates the momentum 
resolution. This implies that the overall performance is robust. The high density 
of measurements in the outer part of the tracker is also valuable for the detection 
of photon conversions and of VO decays. The latter are an important element in 
the signature of CP violation in the B system. In addition, the electron identi- 
fication capabilities of the whole experiment are enhanced by the detection of 
transition-radiation photons in the xenon-based gas mixture of the straw tubes. 

The outer radius of the ID cavity is 115 cm, fixed by the inner dimension of 
the cryostat containing the LAr EM calorimeter, and the total length is 7 m, 
limited by the position of the end-cap calorimeters. Mechanically, the ID consists 
of three units: a barrel part extending over ± 80 cm, and two identical end-caps 
covering the rest of the cylindrical cavity. The precision tracking elements are 
contained within a radius of 56 cm, followed by the continuous tracking, and 
finally the general support and service region at the outermost radius. In order 
to give uniform coverage over the full acceptance, the final TRT wheels at high 
z extend inwards to a lower radius than the other TRT end-cap wheels. 

In the barrel region, the high-precision detector layers are arranged on con- 
centric cylinders around the beam axis, while the end-cap detectors are mounted 
on disks perpendicular to the beam axis. The pixel layers are segmented in R and 
z, while the SCT detector uses small angle (40 mrad) stereo strips to measure 
both coordinates, with one set of strips in each layer measuring . The barrel TRT 
straws are parallel to the beam direction. All the end-cap tracking elements are 
located in planes perpendicular to the beam axis. The strip detectors have one 
set of strips running radially and a set of stereo strips at an angle of 40 mrad. 
The continuous tracking consists of radial straws arranged into wheels. The lay- 
out provides full tracking coverage over \rf\ < 2.5, including impact parameter 
measurements and vertexing for heavy-flavour and tagging. The secondary ver- 
tex measurement performance is enhanced by the innermost layer of pixels, at a 
radius of about 4 cm, as close as is practical to the beam pipe. The lifetime of 
such a detector will be limited by radiation damage, and may need replacement 
after a few years, the exact time depending on the luminosity profile. A large 
amount of interesting physics can be done with this detector during the initial 
lower-luminosity running, especially in the B sector, but physics studies have 
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demonstrated the value of good b-tagging performance during all phases of the 
LHC operation, for example in the case of Higgs and supersymmetry searches. 
It is therefore considered very important that this innermost pixel layer (or B- 
layer) can be replaced to maintain the highest possible performance throughout 
the experiment’s lifetime. The mechanical design of the pixel system allows the 
possibility of replacing the B-layer. 

3.4 Calorimeters 

The ATLAS calorimeters [11] consists of an electromagnetic (EM) calorimeter 
covering the pseudorapidity region \q\ < 3.2, a hadronic barrel calorimeter cover- 
ing \q\ < 1.7, hadronic end-cap calorimeters covering 1.5 < \q\ < 3.2, and forward 
calorimeters covering 3.1 < \q\ < 4.9. The EM calorimeter is a lead/liquid-argon 
(LAr) detector with accordion geometry [12]. Over the pseudorapidity range 
|? 7 | < 1.8, it is preceded by a presampler detector, installed immediately behind 
the cryostat cold wall, and used to correct for the energy lost in the material 
(ID, cryostats, coil) upstream of the calorimeter. 

The hadronic barrel calorimeter is a cylinder divided into three sections: 
the central barrel and two identical extended barrels. It is based on a sampling 
technique with plastic scintillator plates (tiles) embedded in an iron absorber 
[13]. At larger pseudorapidities, where higher ra- diation resistance is needed, 
the intrinsically radiation-hard LAr technology is used for all the calorimeters 
[12]: the hadronic end-cap calorimeter, a copper LAr detector with parallel-plate 
geometry, and the forward calorimeter, a dense LAr calorimeter with rod-shaped 
electrodes in a tungsten matrix. 

The barrel EM calorimeter is contained in a barrel cryostat, which surrounds 
the Inner Detector cavity. The solenoid which supplies the 2 T magnetic field to 
the Inner Detector is integrated into the vacuum of the barrel cryostat and is 
placed in front of the EM calorimeter. Two end-cap cryostats house the end-cap 
EM and hadronic calorimeters, as well as the integrated forward calorimeter. 
The barrel and extended barrel tile calorimeters support the LAr cryostats and 
also act as the main solenoid flux return. 

The approximately 200,000 signals from the LAr calorimeters leave the cryo- 
stats through cold- to-warm feedthroughs located between the barrel and the 
extended barrel tile calorimeters, and at the back of each end-cap. The electronics 
up to the digitisation stage will be contained in radial boxes attached to each 
feedthrough and located in the vertical gaps between the barrel and extended 
barrel tile calorimeters. 



Electromagnetic Calorimeter. The EM calorimeter [12] is divided into a 
barrel part (jryj < 1.475) and two end-caps (1.375 < \q\ < 3.2). The barrel 
calorimeter consists of two identical half-barrels, separated by a small gap (6 
mm) at z = 0. Each end-cap calorimeter is mechanically divided into two coaxial 
wheels: an outer wheel covering the region 1.375 < \q\ < 2.5, and an inner wheel 
covering the region 2.5 < \q\ < 3.2. 
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The EM calorimeter is a lead LAr detector with accordion-shaped Kapton 
electrodes and lead absorber plates over its full coverage. The accordion geom- 
etry provides complete s}mimetry without azimuthal cracks. The lead thickness 
in the absorber plates has been optimised as a function of rf in terms of EM 
calorimeter performance in energy resolution. The LAr gap has a constant thick- 
ness of 2.1 mm in the barrel. In the end-cap, the shape of the Kapton electrodes 
and lead converter plates is more complicated, because the amplitude of the 
accordion waves increases with radius. The absorbers have constant thickness, 
and therefore the LAr gap also increases with radius. The total thickness of 
the EM calorimeter is > 24 radiation lengths (Xo) in the barrel and > 26Xo 
in the end-caps. Over the region devoted to precision physics (|?/| < 2.5), the 
EM calorimeter is segmented into three longitudinal sections. The strip section, 
which has a constant thickness of Xo (upstream material included) as a func- 
tion of ?7 , is equipped with narrow strips with a pitch of 4 mm in the direction. 
This section acts as a ‘preshower’ detector, enhancing particle identification and 
providing a precise position measurement in . The middle section is transver- 
sally segmented into square towers of size Arf x A(f> = 0.025 x 0.025. The total 
calorimeter thickness up to the end of the second section is 24 Xo, tapered with 
increasing rapidity (this includes also the upstream material). The back section 
has a granularity of 0.05 in rj and a thickness varying between 2 Xq and 12 Xq. 
For \r]\ > 2.5, i.e. for the end-cap inner wheel, the calorimeter is segmented in 
two longitudinal sections and has a coarser lateral granularity than for the rest 
of the acceptance. This is sufficient to satisfy the physics requirements (recon- 
struction of jets and measurement of The calorimeter cells point towards 

the interaction region over the complete coverage. The total number of channels 
is 190 000. 

The total material seen by an incident particle before the calorimeter front 
face is about 2.3 Xq at ?/ = 0, and increases with pseudorapidity in the barrel 
because of the particle angle. In the region where the amount of material ex- 
ceeds 2 Xq, a presampler is used to correct for the energy lost by electrons and 
photons upstream of the calorimeter. The presampler consists of an active LAr 
layer of thickness 1.1 cm (0.5 cm) in the barrel (end-cap) region. At the transition 
between the barrel and the end-cap calorimeters, i.e. at the boundary between 
the two cryostats, the amount of material in front of the calorimeter reaches 
a localised maximum of about 7 Xq. In this region, the presampler is comple- 
mented by a scintillator slab inserted in the crack between the barrel and end-cap 
cryostats and covering the region 1.0 < \r]\ < 1.6. The region 1.37 < \r]\ < 1.52 
is not used for precision physics measurements involving photons because of the 
large amount of material situated in front of the EM calorimeter. 



Hadronic Calorimeters. The ATLAS hadronic calorimeters cover the range 
\r]\ < 4.9 using different techniques best suited for the widely varying require- 
ments and radiation environment over the large range. Over the range \rj\ < 1.7, 
the iron scintillating-tile technique is used for the barrel and extended barrel 
tile calorimeters and for partially instrumenting the gap between them with 
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the intermediate tile calorimeter (ITC). This gap provides space for cables and 
services from the innermost detectors. Over the range 1.5 < \q\ < 4.9, LAr 
calorimeters were chosen: the hadronic end-cap calorimeter (HEC) extends to 
\q\ < 3.2, while the range 3.1 < \q\ < 4.9 is covered by the high-density forward 
calorimeter (FCAL). Both the HEC and the FCAL are integrated in the same 
cryostat as that housing the EM end-caps. 

An important parameter in the design of the hadronic calorimeter is its thick- 
ness: it has to provide good containment for hadronic showers and reduce punch- 
through into the muon system to a minimum. The total thickness is 11 interac- 
tion lengths (A) at ?7 = 0, including about 1.5 A from the outer support, which 
has been shown both by measurements and simulation to be sufficient to reduce 
the punch-through well below the irreducible level of prompt or decay muons. 
Close to 10 A of active calorimeter are adequate to provide good resolution for 
high energy jets. Together with the large coverage, this will also guarantee a 
good A™*®® measurement, which is important for many physics signatures and 
in particular for SUSY particle searches. 

3.5 Muon Spectrometer 

The muon spectrometer [14] is based on the magnetic deflection of muon tracks 
in the large superconducting air-core toroid magnets, instrumented with separate 
trigger and high-precision tracking chambers. Over the range \q\ < 1.0, magnetic 
bending is provided by the large barrel toroid. For 1.4 < \q\ < 2.7, muon tracks 
are bent by two smaller end-cap magnets inserted into both ends of the barrel 
toroid. Over 1.0 < \q\ < 1.4, usually referred to as the transition region, magnetic 
deflection is provided by a combination of barrel and end-cap fields. This magnet 
configuration provides a field that is mostly orthogonal to the muon trajectories, 
while minimising the degradation of resolution due to multiple scattering. 

The anticipated high level of particle fluxes has had a major impact on the 
choice and design of the spectrometer instrumentation, affecting required perfor- 
mance parameters such as rate capability, granularity, ageing properties and ra- 
diation hardness. Trigger and reconstruction algorithms have been optimised to 
cope with the difficult background conditions resulting from penetrating primary 
collision products and from radiation backgrounds, mostly neutrons and photons 
in the 1 MeV range, produced from secondary interactions in the calorimeters, 
shielding material, beam pipe and LHC machine elements. 

In the barrel region, tracks are measured in chambers arranged in three cylin- 
drical layers (‘stations’) around the beam axis; in the transition and end-cap 
regions, the chambers are installed vertically, also in three stations. Over most 
of the range, a precision measurement of the track coordinates in the principal 
bending direction of the magnetic field is provided by Monitored Drift Tubes 
(MDTs). At large pseudorapidities and close to the interaction point. Cathode 
Strip Chambers (CSCs) with higher granularity are used in the innermost plane 
over 2 < |?y| < 2.7, to withstand the demanding rate and background conditions. 
Optical alignment systems have been designed to meet the stringent require- 
ments on the mechanical accuracy and the survey of the precision chambers. 
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The precision measurement of the muon tracks is made in the R-z projection, 
in a direction parallel to the bending direction of the magnetic field; the axial 
coordinate (z) is measured in the barrel and the radial coordinate (R) in the 
transition and end-cap regions. The MDTs provide a single-wire resolution of 
80 /cm when operated at high gas pressure (3 bar) together with robust and 
reliable operation thanks to the mechanical isolation of each sense wire from its 
neighbours. The construction of prototypes has demonstrated that the MDTs 
can be built to the required mechanical accuracy of 30 p,m. 

The trigger system covers the pseudorapidity range \q\ < 2.4. Resistive Plate 
Chambers (RPCs) are used in the barrel and Thin Gap Chambers (TGCs) in 
the end-cap regions. The trigger chambers for the ATLAS muon spectrometer 
serve a threefold purpose: 

• bunch crossing identification, requiring a time resolution better than the LHC 
bunch spacing of 25 ns; 

• a trigger with well-defined pT cut-offs in moderate magnetic fields, requiring 
a granularity of the order of 1 cm; 

• measurement of the second coordinate in a direction orthogonal to that mea- 
sured by the precision chambers, with a typical resolution of 5-10 mm. 



Muon Chamber Layout. The overall layout of the muon chambers in the 
ATLAS detector indicates the different regions in which the four chamber tech- 
nologies described above are employed. The chambers are arranged such that 
particles from the interaction point traverse three stations of chambers. The po- 
sitions of these stations are optimised for essentially full coverage and momentum 
resolution. In the barrel, particles are measured near the inner and outer field 
boundaries, and inside the field volume, in order to determine the momentum 
from the sagitta of the trajectory. In the end-cap regions, for \q\ > 1.4, the mag- 
net cryostats do not allow the positioning of chambers inside the field volume. 
Instead, the chambers are arranged to determine the momentum with the best 
possible resolution from a point-angle measurement (this is also the case in the 
barrel region in the vicinity of the coils). 

The barrel chambers form three cylinders concentric with the beam axis, at 
radii of about 5, 7.5, and 10 m. They cover the pseudorapidity range \q\ < 1. The 
end-cap chambers cover the range 1 < |?7| < 2.7 and are arranged in four disks at 
distances of 7, 10, 14, and 21-23 m from the interaction point, concentric with 
the beam axis. All chambers combined provide almost complete coverage of the 
pseudorapidity range 1.0 < \q\ < 2.7. There is an opening in the central R-(f) 
plane {q = 0) for the passage of cables and services of the ID, the CS, and the 
calorimeters. 

In the barrel, the chambers are arranged in projective towers. Particles are 
measured in 2 x 4 sensitive layers in the inner station and in 2x3 layers each in 
the middle and outer stations. Within a projective tower, the chambers are opti- 
cally connected by alignment rays which monitor the relative chamber positions. 
A different alignment strategy is used in the end-caps, where the positions of 
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complete chamber planes are monitored. No active repositioning of the chambers 
is foreseen. 

Both in the barrel and the end-caps, a 16-fold segmentation in azimuth has 
been chosen that follows the eightfold azimuthal symmetry of the magnet struc- 
ture. The chambers are arranged in large and small sectors. The large sectors 
cover the regions between the BT coils and the small sectors the azimuthal range 
around the BT coils. In two lower barrel sectors, the rails carrying the calorime- 
ter and their feet require specially shaped chambers to maximise the detector 
acceptance. 

The trigger function in the barrel is provided by three stations of RPCs. 
They are located on both sides of the middle MDT station, and directly inside 
the outer MDT station. In the end-caps, the trigger is provided by three stations 
of TGCs located near the middle MDT station. 

Maximum standardisation and the smallest possible number of different cham- 
ber sizes have also been important goals of the detector layout. The barrel cham- 
bers are of rectangular shape with areas of 2-10 m^. The end-cap chambers are 
of trapezoidal shape (‘staircase’ approximation) with tapering angles of 8.5^ and 
I 40 for the small and large chambers, respectively. Their areas range from 1-10 

for individual chamber modules and up to 30 m? when several of them are 
preassembled for installation. 

4 Summary 

A large verity of tests to the SM in it’s most critical energy region and an even 
larger potential for discovery of it’s missing pieces is planned for the ATLAS 
detector. The construction of the detectors components is underway assuring 
that the needed accuracy to complete the above task is achieved. The future of 
high energy physics is guaranteed to be an exciting one. 
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Abstract. The field of flavour oscillation and CP violation of B mesons has received 
fresh input from the new B meson factories and is rapidly changing. We see a clear 
support for the ideas of Kobayashi and Maskawa on the origin of CP violation in the 
Standard Model, fitting both K and B decays. Many crosschecks will be possible of 
which first hints are already showing up today, and we can still hope for surprises in 
the near future. 

1 Introduction 

Flavour oscillation and CP violation of K mesons is known since many decades 
and is nowadays textbook physics. The observation of similar effects with quan- 
titatively different realisation at B mesons is a rather young field, and CP viola- 
tion of B mesons has been established for the first time only in the year of this 
symposium. 

This second CP violating system has beautifully confirmed the explanation 
of CP violation by Kobayashi and Maskawa [1] through the physical phase in 
their 3x3 flavour mixing matrix 

/Kd K. / i-T ^ AX%p-t'n)\ 

y=[v,d Kb U -A f - f MA2 

\Vtd Ks Kb/ \ AX^ (I — p — irj) —AX'^ 1 / 

that occurs in charged current weak interactions and has its origin in the tran- 
sition from massless to massive quark fields. While 5 of 6 phases of this unitary 
matrix can be absorbed in unobservable phases of the quarks, one phase cannot 
be eliminated and gives rise to CP violating interference effects. 

At the same time, the fact that transitions between all pairs of up-type and 
down-type quarks are allowed leads to oscillation of several neutral mesons into 
their antiparticles. This flavour oscillation is observed in and B^ mesons, 
and established, though not quantitatively, in Bg mesons, and is a prerequisite 
for large CP violating asymmetries. The available results have been recently 
augmented by the B factories at SLAC and KEK, motivating a new review on 
the topic. 

2 Production of B Mesons 

After the discovery of the T states, B meson properties have been investigated 
since the mid-80s at e+e^ storage rings operating at the T(4S) resonance: DORIS 
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II at DESY (Gemany), with the experiment ARGUS, and GESR at Gornell 
(USA) with the detector GLEO. ARGUS had collected 0.25 Million BB events 
when it stopped in 1992, GLEO has accumulated 10 Million BB events by the 
end of 2000. These experiments have the advantage to investigate events with 
nothing else but two B mesons, which are even almost at rest since the mass of 
the T(4S) is only 20MeV above the BB threshold. 

This source is also exploited by the as}mimetric e+e^ colliders PEP-II at 
SLAG (USA) and KEK-B at KEK (Japan), where the experiments BABAR 
and BELLE have started taking data in 1999. They both have reached record 
luminosities above 3- 10^®/cm^/s, and have collected 23 and 11 Million BB pairs 
by the end of 2000, respectively. Their data samples are increasing rapidly, and 
they are aiming both for over 100 Million at the end of 2002. 

These B factories have different electron and positron energies to produce 
the T(4S) with a boost of /Jy = 0.55 (BABAR) and 0.42 (BELLE) in order to 
measure the difference of the lifetime of the two B mesons. This is an essential 
information for the observation of time-dependent GP asymmetries, as will be 
discussed below. 

In the 1990s the four experiments ALEPH, DELPHI, L3 and OPAL at the 
LEP storage ring at GERN (Switzerland) started investigating hB jets from 
decays. They have each a sample of almost one Million bB events. They were 
joined by SLD which accumulated polarized events at the linear collider SLG 
at SLAG (USA). _ 

Hadronic production of bB jets in addition to the fragments of the original 
particles are the source of B mesons at the pp storage ring Tevatron at Fermilab 
(USA). Hadronic production of bBX at high energies is orders of magnitude 
higher than any other source, but the samples of triggered and detected events 
being only a small fraction, the exploitation of these vast amounts of data is 
a challenge, which has been met in the past by the GDF detector which was 
the first experiment to collect enough B^ -P- decays for a meaningful 

exclusive GP violation analysis. Both GDF and DO will start collecting new data 
this year. Hadronic production will also be the source of B mesons at the planned 
experiments ATLAS, GMS and the dedicated experiment LHGb at the LHG pp 
storage ring, and the BTeV experiment at the Tevatron. These experiments will 
ultimately deliver enough bBX events for high precision measurements of GP 
violation parameters that can be expected about ten years from now. 



3 BB Oscillation 



B^ and Bg mesons are oscillating into their anti-particles much like neutral 
kaons do, but with different parameters. Starting with pure B^ mesons at proper 
lifetime t = 0 is described by a wave function 



IV’(f)) 



-imt—Tj‘2 



cos(x - sin(x - iy)^\B'^) 



( 1 ) 
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Here p, ±q are the and components of the mass eigenstates, and we use 
dimensionless variables, T = Tt = t/r and 

_ Am _ ^ _ Th - Fl _ r - Fl _ tl ~ t~h 
r ’ ^ ^ 2F ^ Fff + Fl ^ F ^ tl + th 

The angular oscillation frequency is Am, the difference of the masses of the two 
eigenstates Bh and Bl of the Hamiltonian for the two-particle system B^,B^. 
The same parameters describe the other oscillating mesons, and experimental 
or, lacking those, theoretically expected values of these parameteres are given in 
Table 1. 



Table 1. Parameters of the four neutral oscillating meson pairs. 





K°!K° 


D°/D° 


B°/B° 


Bs/Bs 


T [ps] 

r [s-i] 
y 2v 


89.4 ±0.1; 
51700 ± 400 
5.61 • 10® 
-0.9966 


0.413 ±.003 

2.4 • 10^2 
\y\ < 0.06 


1.548 ±0.021 
(6.41 ±0.16) -10“ 

\y\ < O.or 


1.49 ±0.06 

(6.7 ±0.3) • 10“ 
-(0.01. . . 0.10)* 


Am [s^^] 


(5.300 ±0.012) • 10® 


< 7 • 10“ 


(4.89 ± 0.09) . 10“ 


> 15 . 10“ 


Am [eV] 


(3.49 ±0.01) -10^® 


< 5 • 10^® 


(3.2 ±0.1) • 10^^ 


> 1.0- 10^® 


— Am 


0.945 ±0.002 


< 0.03 


0.76 ±0.02 


21. . .40* 


4. 

. , o 


(3.27 ±0.12) • 10^® 




10^®* 


p.| < 10-®* 


U 

1 P 


0.99348 ±0.00024 


w 1* 


1. . . 1.002* 


w 1 * 


* Standard Model expectation 



Oscillation can be described by a time-dependent asymmetry function 
a{T) = 1 - 2x(T) 

_ N{X ^X)-N{X ^X) 

^ N{X ^X)+N{X ^X) ^ 

(1 — IpP) coshyT + (1 + Ip P) cosxT 
(1 + Ipp) coshyT + (1 — Ip p) cosxT 
cosxT 
cosh y'l ' 

where X — ^ X is shorthand for X at production time T = 0 and X at decay 
time T etc. Neglecting CP violation in the oscillation which is proportional to 

s. = (BffIBt) = l;f - \'l? = 

I p I ~r I I 

and very small for all four oscillating mesons, we have | p | = 1 and the asymmetry 
reduces to the form shown on the last line of (2). The lifetime difference is large 
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Fig. 1. The B°B° oscillation asymmetry seen at the PEP 11 B factory with the BABAR 
detector [3] exhibits a new quality of time-resolved measurements. 



for neutral K mesons, and expected to be observable for the Bg meson, but 
very small for mesons. Therefore, for the latter, y = 0 and the asymmetry is 
simply 

a(T)= cos xT (3) 

which has first been observed as a time- integrated effect in 1987 by ARGUS [2]. 
The time-dependent asymmetry has been seen six years later by experiments 
at LEP. Recently, the asymmetric B factories KEK-B and PEP II have con- 
tributed to these measurements with unprecedented precision. An example of 
these measurements is the asymmetry from dilepton events shown in Fig. 1. 
Here, semileptonic B decays are used to tag the flavour of the two B mesons. 

3.1 Oscillation at the Y(4S) 

The BB system from strong interaction T(4S) decay is in a state of angular 
momentum L = 1 with an odd wavefunction. This system has to be treated 
as a coherent entangled quantum state. The time evolution of a state with odd 
s}unmetry is different from that of one with even symmetry. This is due to the 
fact, that only one antisymmetric XX state, 

|X(1)X(2)) - |X(1)X(2)) 

is possible, so it has to stay constant. There are, however, three symmetric states, 

|X(1)X(2)) + |X(1)X(2)) 

|X(1)X(2)) 

|X(1)X(2)) 



248 



Roland Waldi 



and their relative amplitudes may change with time. 

Explicitly, for initial BB states of odd symmetry, the state evolves in time 
into 



IV’-(ri,T2)) 



-(im/r+i)(ri+r2) 



2pq 

cos(x — iy) 



(|S°(1)B°(2)) - |B°(2)B°(1))) 



.,sin(x - ( i|B°(f)B°(2)) - ^\B^{l)B^{2)) 



This is observable if we associate the times '1\ and 'l^ with the times of decay 
of the two B mesons. For Ti = T 2 only the antis}mimetric state is present, and 
mixed states, i.e. two final states indicating the same beauty flavour, will show 
up only at Ti ^ T 2 . 

As a consequence, the variable T in (2) and (3) is the difference of the life- 
time of the two B mesons, T = (^2 — for all time-dependent measurements 

at the T(4S). For time integrated measurements, this implies that the two B 
mesons do not oscillate independently and hence the mixing probability y of a 
single B meson can directly be measured as the fraction of mixed (BB,BB) 
from all events. 



3.2 Experimental Results 

While only the integrated effect can be observed on the T(4S) at symmetric 
colliders, an observation of the oscillating behaviour was first possible at the 
Z^, where the lifetime can be measured. This yields directly the frequency 1 / as 
2ni' = Am from the asymmetry (2) equivalent to 

a{t) = cos Amt 

Results are summarized in Table 2. They have been recently augmented by 
results from asymmetric colliders on the T(4S). 

The measurements differ mostly in the tagging method used. Reconstructing 
hadronic final states of B^/B^ decays is denoted in Table 2. This technique 
requires a large number of B mesons and has therefore only been used at the 
asymmetric B factories at SLAG and KERB. The same holds for the channel 
B° D*-l+v. 

The experiments at LEP use charged leptons (/), fully (D*) or partially 
(tt) reconstructed decays of D*^ — ^ alone and associated with a lepton 

indicating a ^ final state, and various definitions of a jet charge. 

The C and P asymmetry of polarized decays is exploited at the Stanford 
Linear Collider by SLD. 

There is a background fraction f± from other b hadrons, predominantly 
charged B^ which do not oscillate. This modifies the rates and leads for B 
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Table 2. B°/B° eigenstate mass difference from the oscillation frequency. Tagging 
particles are given, where B° means a fully reconstructed B meson, Qj is a jet charge 
technique, is a same-jet tag, and NN is a neural network exploiting many particles 
in the event. 



.40 .45 .50 


Am [ps 


tags 


experiment 


I I ^ ' 


— ^ — 


0.446 ±0.020 ±0.018 




ALEPH 96/97 [4] 


— ^ — 


0.504 ±0.019 ±0.012 


D* 


DELPHI 97 [5] 


— ^ — 
^ 

1 


0.479 ±0.018 ±0.015 
0.444 ±0.028 ±0.028 
0.507 ±0.023 ±0.019 


llbQj 
K,Qj,l “ 


OPAL 96-00 [6,7] 
L3 98 [8] 

SLD 96 prel. [9] 




^ 


0.495 ±0.026 ±0.025 


7T+, D/l] 
D(D,D*l/l,Qj 


GDP 97-99 [10] 




0.490 ±0.013 


III; 

D*lv, B0/l,K,n 


BELLE 01 [11,12] 




0.503 ±0.011 


l/l; 

D*lv, B°/l,K, NN 


BABAR 01 [3,13,14] 


+ 


0.489 ± 0.009 




average 


“ using the Z° polarization asymmetry at SLC 



mesons at T = 0 to an asymmetry 

a,{T) = D± cosxT + 1± (4) 

with an effective dilution factor D± = i^f ^/2 offset I± = 2 ^f± ■ '^he 

value a(0) = D± + Jy = 1 is independent of f±. 

If the flavour of one B meson is assigned wrong with probability w, the 
asymmetry is given by 



a{T) = ( 1 — 2w) {D± cos xT + 1 ± ) 

with a tagging dilution factor Dt = a(0) = 1 — 2w. A limited error in vertex 
reconstruction leads to a smearing of the T distribution. This implies an ampli- 
tude reduction factor Dr- Assuming a Gaussian resolution in At of at, we have 
Dr = e“ 2 (*^t/v) jg multiplied to the tagging dilution. This approach to 

time smearing ignores the asymmetry entered by the exponential decay distribu- 
tion. If the true distributions are convoluted with a Gaussian, and the asymmetry 
is calculated from the smeared distributions, there is in addition to the reduction 
in amplitude also a distortion. 

At the b jet experiments, the distance between the primary vertex of bB 
jet production and the B decay vertex is measured with high precision silicon 
detectors. The resolution effects can be observed at the tail to negative lifetimes. 
In oscillation measurements at asymmetric colliders at the T(4S) energy this is 
not possible, since the lifetime difference has naturally negative values, and is 
in fact symmetric about 0. Therefore, these measurements rely on a fit of their 
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resolution parameters, which can be verified by lifetime measurements on high 
statistics samples of charged and neutral B mesons. 

All constant and time-dependent resolution effects differ from experiment 
to experiment, and depend on the method of B identification. They are con- 
voluted with the full time dependence, including the exponential which makes 
the effective “smearing” of the true lifetime asymmetric. These together with a 
possible bias from cascade charm decays, resolution tails and background effects 
are modelled for each experiment and are taken into account in the fit functions 
(as the one shown in Fig. 1). The proper modelling of the distortions is crucial 
for a bias-free extraction of the oscillation frequency. 

The average of all measurements in Table 2 is Am(B°) = (0.489 ±0.009)/ps 
corresponding to an oscillation frequency v = = (77.8 ± 1.6)GHz and a 

mass difference Am = (0.322 ± 0.007)meV. This is a fraction of 6e— 14 • m(B°). 

The dimensionless mixing parameter x can be calculated from the mixing 
2 

probability y = from the oscillation frequency as x = Am t which 

requires also precise knowledge on the average lifetime Td = (1.548 ± 0.021)ps 
[15] of the meson. The two independent methods agree very well and average 
to 

X = 0.756 ±0.016 

The common value of the scaled mass difference is dominated by the direct 
measurements of the oscillation frequency and has reached a precision of 2%. 

There is no observation of AT of the mass eigenstates. In the Standard 
Model, a value y ^ 10^® is expected. CLEO finds \y\ < 0.41 from their mixing 
analysis [16]. BELLE [11] gives an upper limit of \y\ < 0.08 at 90%CL. 

3.3 Experimental Results on the Bg Meson 

The first hint on large Bg mixing was obtained by UAl [17] even before B^B^ 
oscillation was established. They observed an average mixing probability y = 
0.12 ± 0.05 in b jets from pp annihilation. From the same quantity measured at 
annihilation and decay, a value y^ close to the maximum 0.5 can be 
inferred with large errors due to the small Bg fraction in b jets. Direct (non-) 
observations of the oscillation leads to more stringent limits on the frequency. 
To determine a limit, the LEP Working group on B oscillations [18] combined 
the fit results of the Bg as}unmetry amplitude A (which is 1 for true oscillations) 
for a series of assumed values of Anig from 13 measurements by the five experi- 
ments ALEPH, CDF, DELPHI, OPAL, and SLD. All measurements have been 
adjusted to a common set of inputs before averaging. Systematic correlations are 
taken into account. The average amplitudes lead to a 95%CL lower limit which 
is calculated using the point where the hypothesis A = 1 is excluded at 5% 
significance level in a one-sided Gaussian test. This means all values of Anig for 
which the combined amplitude A plus 1.645 -(t) A) is smaller than 1 are excluded 
at 95%CL, where <t(A) is the total error on A. The procedure excludes all values 
with Anig < 14.9ps^^ leading to a lower limit 

Amg > 14.9ps^^ (95%CL). 
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For the Bg/Bg system, using this lower limit on the oscillation frequency and 
the Bg lifetime value Tg = (1.47 ± 0.06)ps [15], the present lower limit is 

Xg > 21 (95%CL) 

which is already above the lowest expected values. It corresponds to a mixing 
probability > 0.498. 

The available results on the Bg lifetime are average lifetimes which can all 
have different weights of th and due to the different mixture of final states 
used. The experimental information on the lifetime difference of the mass eigen- 
states is still weak and no significant lifetime difference has been observed. The 
combination of all results has been calculated by the LEP AT^ Working Group 
to be AT /T = 2\yg\ = 0.24± g Jg [19]. They have also re-evaluated the constraint 
Tg = To for individual experiments leading to AT/i’ = 2\yg \ = 0.16 ± gg®. 

4 CP Violation of B Mesons 

CP violation is expected in the Standard Model through the physical phase in 
the CKM matrix [1]. A 3 x 3 unitary matrix fulfills 12 unitarity conditions, 6 
of those are three complex numbers summing up to 0. In the complex plane, 
these form the six unitarity triangles which have angles that are independent 
of phase conventions for the matrix elements and therefore are physical observ- 
ables. One of the two very similar triangles that are not collapsed to almost a 
single line is the one shown in Fig. 2. Its angles can all be measured via CP 
violating asymmtries of B mesons. These phases change sign when a process is 
CP-transformed (CP odd phases). 

CP violation in B decays (as in K decays) occurs always via interference of 
(at least) two amplitudes with different CP even and CP odd phases, in three 
different ways: 

1. Direct CP violation F(i? X) ^ F(i? — ^V) can be observed by final state 
counting experiments. It occurs from the interference of two decay amplitudes 
with different phases that transform as CP<)) = — <)> (CP odd phases from the 
CKM matrix), and with different phases that transform as CP(5 = +(5 (CP 
even phases from the strong interaction) . Direct CP violation is not restricted 
to neutral mesons, but may also be observed in charged meson or baryon 
decays. 

2. CP violation induces a small asymmetry in the oscillation probability P(B° — ^ 
B^^) ^ B{B^^ — ^ B^^) due to 7 ^ 1. This is due to the interference of other 
amplitudes with the leading box diagram of BjB mixing. 

3. The interference of mixed and unmixed amplitudes leads to lifetime dependent 
differences F(i?'^jt=o — ^ X\t) 7 ^ F(P°|t=o — ^ X\t) for a common final state of 
B and B with asymmetry amplitude modulation oc sin Amt = sinxT. This 
is also called “CP violation from interference of oscillation and decay”, or 
“mixing-induced CP violation” . Here, the two interfering phases are CP-odd 
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Fig. 2. The most important unitarity triangle from the bd unitarity condition is shown 
in the complex plane. Up to corrections of O(A^) the top point is at (p = [1 — ^]p,V = 
[f — ^]ri), and the rightmost point is (1,0). Changing the phase convention for the 
CKM matrix will rotate all unitarity triangles in the complex plain, but their shape is 
invariant under those transformations. A second triangle from the ut unitarity condition 
is very similar to this one, with the same angle a and the two other angles f3' f3 and 
y »7. 



phases from the CKM matrix and the phase ^ between the coefficients cosx^ 
and i sin x ^ from ( 1 ) . 

The final state X can be a CP eigenstate, like (CP = —1) or 

(CP = +1), or a state that can be reached from both mesons via different 

processes. 

In the Standard Model, this CP violating interference can lead to almost max- 
imum asymmetries. In many cases, large values are expected, and the time- 
dependence is a further handle to avoid misinterpretation of data. Therefore, 
all present and future experiments focus on these effects. 

4.1 Direct CP Violation 

Decays with direct CP asymmetries require in the Standard Model at least two 
interfering channels with different CKM phase and different strong phases 
2 - This defines the amplitudes 

A{B ~^X) = 

A{B ^X) = 

where and |M 2 |e ®'^2 jg unchanged due to CP invariance of the strong 

interaction. They contribute to the rate for B and B decays with a different 
interference term, leading to 



= 4|Mi||M2|sin((()i - <(>2)sin((fi - y) 
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The asymmetry is 

N{B -^X)- N{B X) 

N{B ^ X) + N{B ^ X) 

^ 2 |Ai||A 2 |sin((/>i -4>2)sm{Si - S 2 ) 

1^1 p + 1^2 p + 2|v4i| 1^2 I COs(</>i — Ip'l) COs((Ji — S 2 ) 

An example is the B decay to Kn, where a substantial rate asymmetry is possible 
due to the interference of two decay diagrams: The dominating one is a penguin 
diagram 6 — ^ s with a t quark in the loop, with a CKM phase arg(VJ|,V'j* ) and 
a Att state with isospin The second amplitude occurs via a tree diagram 
b — ^ u-\-us, with 8i3:g{V*f^V*g) and isospin ^ and | amplitudes. The interference 
terms are proportional to sin 7 ' sin((fi — ^ 2 ). Asymmetries of this type can be 
observed both in neutral and charged B decays, e.g. B^ — ^ 

The as}unmetry is limited, however, by the ratio of amplitudes. This is ap- 
proximately F : where F . T < \ reflects the suppression of the loop 

penguin diagram (P) with respect to a tree diagram (if) of same order. This 
ratio has been believed to be small, F : T ^ which would allow indeed for 
large asymmetries, but is now known to be A from the measurement of the 
Kn and tttt branching fractions, as can be seen in Table 3. 



Table 3. Tree ('i') and leading penguin (P) contributions to two-body final states. 
The experimental branching fractions are averages over charged and neutral B decays 
(which implies that corrections from the colour suppressed contribution to the — s- 

amplitude are ignored). 



channel 


amplitude 


B 


B^ Ktv 

B TTTT 


AXP + AX^{fj-ir])T 
AA®(1 — p — iri)P + AX^(p — irf)T 


(14.9 ± 1.0) • 10^® [20,21,22] 

(4.4 ± 0.8) • 10^® [20,21,22] 



CKM unitarity angles can only be extracted from those asymmetries when 
the strong phase difference is known. This can be obtained, however, from flavour 
SU(3) and isospin relations on a set of results from related channels [23]. The 
experimental branching fractions for individual channels from [ 20 , 21 , 22 ] can be 
used to extract information on the angle 7 in the unitarity triangle [24] and 
provide an additional constraint. 

First experimental measurements of asymmetries of this t}rpe have been re- 
ported by CLEO, BABAR and BELLE and are summarized in Table 4. 

There is presently no evidence for CP violation. The experimental precision is 
not yet sensitive to the range of asymmetries predicted by the Standard Model, 
but large effects from new CP violating interactions could have shown up already 
and have not been observed. 
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Table 4. Results on direct CP violation in B meson decays: the negative asymmetry 
between the decay rates for the given channel and its CP (or C) conjugate is measured. 



channel 


asymmetry a 


experiment 


B+ - 


-> J/ipK+ 


+0.018 ±0.043 ±0.004 


CLEO 00 [25] 






-0.009 ±0.027 ±0.005 


BABAR 01 prel. 


B+ - 


yt(2S)RT+ 


+0.020 ±0.091 ±0.010 


CLEO 00 [25] 


B+ - 


-Dcp+P^ 


+0.04 ± Q3g ± 0.15 


BELLE 01 [26] 


B° - 




-0.04+0.16 


CLEO 99 [27] 






(-0.07 + 0.08 + 0.02) 


BABAR 01 [28] 






-0.05 + 0.06 + 0.01 


BABAR 02 prel. [29] 






0.04+ ±0.02 


BELLE 01 [30] 


B+ - 


-> K+tv° 


-0.29 + 0.23 


CLEO 99 [27] 






0.00 + 0.18 + 0.04 


BABAR 01 [31] 






1 

p 

O 

07. 

H- 

o o 
to to 
o to 

H- 

o o 
b b 

to 


BELLE 01 [30] 


B+ - 


-> K°tv+ 


+0.18+0.24 


CLEO 99 [27] 






-0.21+0.18 + 0.03 


BABAR 01 [31] 






0 10 + 

0.34 0.06 


BELLE 01 [30] 


B+ - 


K+y 


+0.03+0.12 


CLEO 99 [27] 


B+ - 


K+y' 


-0.11+0.11+0.02 


BABAR 01 [32] 


B+ - 


-> K+4> 


-0.05 + 0.20 + 0.03 


BABAR 01 [32] 


B+ - 


K*+<P 


-0.43+ °;3® ±0.06 


BABAR 01 [32] 


B° - 


> K*°(t> 


0.00 + 0.27 + 0.03 


BABAR 01 [32] 


B+ - 


-s- tc7r+ 


-0.34+0.25 


CLEO 99 [27] 






-0.01+ Q3® ±0.03 


BABAR 01 [32] 


B°,B+ K*-i 


+0.08 + 0.13 + 0.03 


CLEO 99 [33] 






-0.035 + 0.076 + 0.012 


BABAR 01 prel. 


B°/B+ sj 


-0.079 + 0.108 + 0.022 


CLEO 01 [34] 



4.2 CP Violation in the Oscillation 

CP violation induces a small asymmetry in the oscillation probability ^ 

5°) ^ P{B^ — ^ 5°) due to |^| ^ 1. This is due to the interference of other 
amplitudes with the leading box diagram of B/ B mixing, e.g. replacing one t 
quark in the loop with a c quark. The oscillation asymmetry (2) starting with 
an initial meson can be expanded in as 



a{T) 



N{B)-N{B) 



N{B) + N{B) 

which is for y = 0 



cosxT 
cosh y'l ' 



cos^ xT 
cosh^ y'l ' 






i{'l') Pi cosx'l' + sin^ x'l' = cosx'B -\ — ^(1 — cos 2x'l 
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In the Standard Model we have < 0 and there are always slightly more B ^ B 
than B ^ B oscillations. Using leptons as flavour tag the net asymmetry can be 
observed at the T(4S) by counting like-sign lepton pairs which originate directly 
from semileptonic neutral B meson decays. They occur in final states with mixing 
and show an asymmetry 

_ N{BB 1+1+) - N{BB 1-1-) _ 1 - Igl’^ _ 2de 

N{BB ^ 1+1+) + N{BB ^ 1-1-) ^ ^ ^ ’ 

constant in time. This same parameter can also be observed as an asymmetry in 
the time-dependent total decay rate of B and B. This rate for an initially pure 
B'^ sample is 



dN 

dt 



Nij r ^ ^ ^ e ^jcoshyi/' + cos xT —y sinhyi/' + sinxi/'| 



In the approximation y = 0 expected to be good for the B'^ the rate is 



dN 

dt 



fYoTe ^ [1 + (5e • (—1 + cosxT + xsinxi/')] + 0{S'^) 



An initially pure B^ sample gives the same rates with the replacement ^ ^ — y 1/^ 
and i — y —5^. The asymmetry (where the B flavour is understood as the one 
at T = 0) is therefore 



^{T) = 



N(B° — ^ anything) — N(B^ — ^ an}Thing) 



N{B‘'^ — ^ anything) + N{B‘'^ — ^ an}Thing) 



. X 2 ^ 

A (1 — cosxT — xsinxT) = 2S^ I — — sinxT + sin 



( 6 ) 



In 1993 CLEO [35] has obtained an as}unmetry (5) of a = 0.031 ± 0.096 ± 
0.032 from lepton pairs, corresponding to = 0.016 ± 0.048 ± 0.016. This first 
upper limit of < 0.09 (90%CL) was still far above expectation. A recent 
update [36] augmented by an independent method [16] using reconstructed ^ 
D*^n+{n^) on one side and leptons from the other B gives = 0.007 ±0.021 ± 
0.003. A dilepton analysis by BABAR [37] gives a = 0.005 ± 0.012 ± 0.014 and 
dominates the average in Table 5. 

With mesons from jets, the interpretation of any charge asymmetry in 
lepton production is more difficult. OPAL at LEP gives a value = 0.004 ± 
0.014 ±0.006 [7]. A measurement by ALEPH using semileptonic decays [40] 
gave the result a = —0.037 ± 0.032 ± 0.007 corresponding to = —0.018 ± 
0.016 ±0.003. 

A first measurement of the total asymmetry (6) at LEP gave the preliminary 
result = —0.011 ±0.015 ± 0.005 [38]. Results from OPAL (a = 0.005 ± 0.055 ± 
0.013) [39] and ALEPH (a = 0.016 ±0.034 ±0.009) [40] are also given in Table 5. 
This is an alternative way to measure CP violation in B°/B° oscillation, but it 
implies the danger of a possible bias due to the B^ event selection. 
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Table 5. Results on 



-0.02 0.00 0.02 

^ 1 1 1 1 1 ^ 


A [10-®] 


method 


experiment 


^ 


-11 ±15 ±5 


inch 


DELPHI prel. 97 [38] 


^ 


4 ±14 ±6 


ll 


OPAL 97 [7] 


^ 


3 ±28 ±6 


inch 


OPAL 99 [39] 


^ 


-18±16±3 


ll 


ALEPH 00 [40] 


^ 


8 ±17 ±4 


inch 


ALEPH 00 [40] 


^ 


7 ±21 ±3 


ll,Bl 


CLEO 01 [35,36] 


— ^ — 


2.4 ±5.8 ±7.2 


ll 


BABAR 02 [37] 




-0.7 ±5.7 




average 



CPT conservation is assumed in these results. Averaging gives 

(Je = -0.0007 ±0.0057 
or -0.012 < d, < 0.010 at 95%CL. 



4.3 CP Violation in Common Final States of and 

The most pronounced manifestation of CP violation in the /B^ system is 
expected in interference of oscillation and decay to final states common to B^ 
and B^ [41]. The effect is largest for CP eigenstates, but may occur at any final 
state where the amplitudes of the mixed and unmixed decay can interfere: 

B° 

/ \ 

B^ — ^ A (7) 



The decay rate of an initial B^ meson is proportional to the matrix element 

|A4p = e~^|Ap jcoshyi/' — 6*ocosx4' ± l?o sinhyi/' — Aq sinx4'| ( 8 ) 

where the coefficients are 



l?o : 



2TZe p 



Ao : 



2Xmp IpP - 1 

i±IpP’ IpP±i 



which are given by the two real numbers 77e p and Im p and related via ± 
Ag ± 6*0 = 1 , and where the ratio of the upper and lower path’s amplitudes in 
(7) is 

_qA _ {B^\Bl) {X\H\B°) 
pA {B°\Bl) {X\H\BA 
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The matrix element (8) and its antiparticle counterpart lead to a general asym- 
metry 

N{B -^X)- N{B X) _ \M\^ - \M\^ 

^ N{B ~^X) + N{B X) \M\^ + |2W|2 

6*0 cos x'l ' + tIq sin x'l ' + (cosh y'l ' + t?o sinh y'l ') 
cosh yT + l7o sinh yT X cos xT + tIq sin xT) 

At the presently accessible precision, where = 0 (corresponding to |^| = 1) 
is a very good approximation, and with y k, Q for B^ mesons, we obtain the 
simplified asymmetry function 

a{T) = Oq cos xT X Ao sin xT (9) 

If X is a CP eigenstate, the ratio Aj A is often just a phase, which includes 
the sign of the CP eigenvalue of X. The phase of the product p is independent 
of conventions, and is in fact an observable. More general, A and A can have 
also different magnitudes, which in the absence of oscillation would still imply 
an asymmetry and corresponds to the direct CP violation of non-oscillating 
particles. This direct CP violation is responsible for the cos-term in (8) for final 
states that can be reached by both and B^. 

4.4 Experimental Data on sin 2/3 

If we assume that the Standard Model explanation for CP violation is the correct 
and only one, then the channel B —>■ where the decays to a CP = +1 

eigenstate, offers a clean measurement of sin 2(3. Results have become available 
since 1999. A summary of all present experimental information on sin 2/3 is given 
in Table 6. The statistical error is limited by <t(Ao) > i-T/ ■ (ctD^jeg, and 
typically larger due to background, time-resolution and the statistical error on 
the dilution. 

The first measurement with non- zero information content on the CP- violating 
parameter sin 2/3 was performed by the CDF experiment and published 1999 [44] . 
The golden final state pA pTn^Ti^ was reconstructed. A total sample of 395±31 
signal events is divided into a subsample of 202 ±18 events with both muons 
measured in the silicon vertex detector, and the remainder without lifetime in- 
formation. This latter sample is used to measure the time integrated asymmetry, 
while the subsample with vertex information is submitted to a fit of the asym- 
metry function 

a(T)=AosinxT (10) 

The flavour was tagged combining information from soft leptons and a jet charge 
variable of the opposite jet, and same-side tagging with a charged particle (taken 
as pion) close to the reconstructed 33^ meson in direction and rapidity. The 
opposite-jet tags have been investigated using fully reconstructed charged B 
mesons, and the same-jet tags using D^Hx candidates. The overall effective 
performance is {etD‘l)eS = 0.063 ±0.017. 
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Table 6. Results on the asymmetry amplitude Ao = sin2/J from B — s- J/ipK^ and 
related channels. The number of signal events and the effective number )efiA^sig 

is given to compare the sensitivity of the measurements. 



0.0 0.5 1.0 


vio 


A^sig • (fcti9?)eff/Asig 


experiment 


n — ^ ^ ^ ^ ^ ^ ^ ^ ^ — 1 


1 


(3.2±i;®±0.5) 
(1.8±1.1±0.3) 
0.79 ± []-®® ±0.16 
(0.84 ± ± 0.16) 

0.34 ±0.20 ±0.05 

(T ro _L 0.32 0.09 

0.58 ± 0.34 ± 0.10 

0.59 ±0.14 ±0.05 
0.99 ±0.14 ±0.06 
0.75 ±0.09 ±0.04 
0.82 ±0.12 ±0.05 


1.6/14±2 
12/198 ±17 
25/397 ±31 
4.4/17 
140/520 
70/260 
280/1080 
280/1030 
540/2200 


OPAL 98 [42] 

CDF 98 [43] 

CDF 99 [44] 

ALEPH 00 [45] 
BABAR 01 [46] 
BELLE 01 [47] 
BABAR 01 [48] 
BELLE 01 [49] 
BABAR 02 preL [50]* 
BELLE 02 prel. [51] 


— 1 — 

^ 

— ^ — 


-h 


0.82 ± 0.08 


= i.8/2rf/ 


average of (*) 



The year 2000 saw first results from the e+e^ B factories at SLAG and 
KEK which produce pairs in T(4S) decays. These experiments have much 

lower background than experiments using B^ mesons in b jets, and can therefore 
reconstruct many additional decay channels with lower branching fraction or 
worse resolution. 

At the end of 2000, the BABAR sample [46] was the largest sample of B 
mesons, comprising 23 Million B meson pairs from T(4S) decays. Both BABAR 
and BELLE were accumulating more data rapidly. They could significantly es- 
tablish CP violation in B mesons in 2001. 

Signals are reconstructed for { J/ip — ^ + ^ (i/>(2S) —>■ 

J/i/lTT+TT^) + TT+TT^), (Xcl J/'lpj) + TT+TT^), (J/V> 

l^l^) + {K*^ — ^ KgTT^), and (J/V’ — ^ l^l^) + K^. Each event with a signal can- 
didate is assigned a B^ or B^ tag if the rest of the event (with the daughter tracks 
of the signal B removed) satisfies the criteria for one of several tagging categories. 
The BABAR experiment uses only events with a minimum tag discrimination, 
thus reducing the number of tagged events to 68% of all reconstructed events. 
The total statistical tagging performance is {ttD‘j)eS = 0.261 ± 0.012. 

BELLE [49] has reconstructed additional final states, (rjc -A 
KgK^Tv^) + {Kg — ^ TT+TT^), from a sample about the same size as the BABAR 
sample. The channel has been used in their first analysis [47], but has 

been dropped in [49] since it is a ccdd final state without intermediate neutral 
kaon, and may have some additional phases from penguin diagrams. They tag 
all events including those with little or no flavour discrimination. Their total 
statistical tagging performance is {ttD‘l)eS = 0.270 ±0.012 and agrees with that 
of BABAR. 
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Fig. 3. Number of candidates from the {J/ip ,'ip{2S),Xci}Ks (left, CP = —1) and 
J/'ipK’l (right, CP = +1) final states in the signal region with tag (top) and with 
B° tag (middle), together with the raw asymmetry (bottom). Overlaid is the result of 
the fit for the diluted asymmtry, assuming equal numbers of B° and B° tags [50]. 



Both experiments determine the tagging dilution Dt and the resolution func- 
tion from a fit of (3) convoluted with these effects to fully reconstructed B^/B^ 
mesons in self-tagging final states, where the second i^-meson is tagged via ex- 
actly the same procedure as the CP sample. They fix the B^ lifetime t^o = 
1.548ps and the oscillation frequency Am = 0.472ps^^ to the 2000 world aver- 
age [15]. There is a slight correlation between ylo and these data that is absorbed 
in the systematic error. 

The J/ipK*^^ CP eigenstates have contributions with CP = +1 (L = 0,2) 
and CP = — 1 {L = 1) eigenvalues. Therefore, a partial wave analysis has been 
performed to disentangle both contributions. While BABAR use their result [52] 
to apply a physical dilution factor Dp = 0.65±0.07, BELLE [49] and an updated 
BABAR analysis [50] include the transversity angle [53] of these events in the 
fit to improve the separation of the two eigenstates. 

The raw asymmetries varying as sinxi/' = sinAmAt are clearly visible in 
Fig. 3, which shows the analysis with the largest sample (at present). 

The J/ipK^ channel suffers from high background, including crosstalk from 
B — ^ ^ J/ip This component can be included with an average CP 

eigenvalue in the fit, and a conservative range for this parameter has been taken 
to estimate its systematic error. Other systematic errors arise from uncertainties 
in input parameters to the maximum likelihood fit, incomplete knowledge of 
the time resolution function, uncertainties in the mistag fractions, and possible 
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limitations in the analysis procedure. The sum of all systematic uncertainties is 
still considerably smaller than the statistical error (see Table 6). 

A two-parameter fit according to (9) of the subset of channels with low 
background has been performed by BABAR [48,50]. They find \p\ = 0.92±0.06± 
0.02, compatible with the value of 1 if there were no direct CP violation present. 
The value of Ao is not changed by the two-parameter fit in the subsample. The 
fit results correspond to 

Ao = 0.76 ±0.10, 6»o = -0.08 ± 0.07 

The average value from Table 6 is Aq = 0.82 ±0.08. In the Standard Model, 
this parameter is related to the tree-level ratio 

q A{B'^ -P ccdd) 

^ p A{B° ccdd) 

Using the assumption \Pccdd\ = 1 or equivalently = 0, which is only 

justified within the Standard Model, we have 

Xm Pccdd = sin 2/3 = 0.82 ± 0.08 
The corresponding “e” -parameter is 

± ± 

The experimental result establishes the existence of CP violation in the B'^ 
system and is in good agreement with the Standard Model prediction. This is 
demonstrated in an update of a recent overall fit to the CKM matrix including 
the sin 2/3 measurements [54]. The allowed region for the tip of the unitarity 
triangle in the p,f/- plane is shown in Fig. 4. 

However, if the Standard Model description of this CP asymmetry is not com- 
plete, we have to consider different Aq and 6*o parameters for different classes 
of channels, since e.g. B -p may suffer more from loop diagrams than 

B -P J/i/dKg. For cross checks like this, more final states are presently investi- 
gated by BABAR and BELLE. Among these are several with the same asym- 
metry as J/'i/’iFg from the leading tree diagrams. One class is 33^ — ^ or 

D*+D*- , Here, penguin diagrams contribute with different phases and a differ- 
ent asymmetry, including possibly a cosx'l' term from direct CP violation, is 
expected. 

Another class is B^ -P- p'K^ or (})K^, where the angle f3' of the tu unitarity 
triangle is measured. Since this is very similar to the bd triangle shown in Fig. 2, 
again a similar asymmetry as for is expected in the Standard Model. 

All experimental results [29,51] on these states are, unfortunately, at present 
not yet sensitive to observe differences. 
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P 

Fig. 4. Constraints on the CKM unitarity triangle. The contours for the tip of the 
triangle show the parameters at 90%, .12% and 5% significance level of a combined 
chisquare test to all measurements. The theoretical parameters are taken freely within 
allowed ranges to minimize this x~ without assigning any weight (probability) to them 
1 . 141 . 



4.5 Experimental Data on B — >■ tttt 

Tlie difliculties of the iiiterpretatioii of the arise from the fact tliat 

there are two competing diagrams, a penguin (a.) and a dominating tree (b): 




d d d d 

Due to crossfeed between the channels, it is always investigated experimen- 
tally together with the penguin-dominated channel B The asymmetry 

in the latter, self-tagging final state is a sign of direct CP violation; experimental 
limits are given in Table 4. 

h’xperimental results on branching fractions are given in Table 3. They strong- 
ly indicate a substantial penguin contribution to the 7t+ tv~ final state. Therefore, 
as long as this channel alone is investigated, experiments can only determine the 
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coefficients ylo and 6*o which allow no direct translation into the angle a (the 
tree alone would }deld ylo = sin 2a). The results are given in Table 7. The latest 
numbers from BABAR and BELLE for both coefficients differ by more than two 
standard deviations: while the BELLE result suggests a substantial CP asym- 
metry, BABAR’s result indicates a very small deviation from the completely CP 
s}unmetric decay. 



Table 7. Experimental results on the coefficients of the CP violating asymmetry 
a(T) = GocosxT + Tosina;r for the B — s- decay. 



Ao 


6>o 


experiment 


0.03 ± ±0.11 

-0.01 ±0.37 ±0.07 

-| o-| _|_ 0.38 _|_ 0,16 
— ±.Z± HI ^ 0.13 


0.25 ± ±0.14 

0.02 ±0.29 ±0.07 
0.94 ± ±0.09 


BABAR 01 [28] 
BABAR 02 prel. [29] 
BELLE 02 prel. [51] 



A full analysis requires a flavour-tagged measurement of the decay B -G . 
For this channel, up to now no significant signal has been observed. 



5 Summary and Outlook 

The held of flavour oscillation and CP violation of B mesons has received fresh 
input from the new B meson factories and is rapidly changing, as the reader may 
see by comparing the updated results in this writeup with the ones presented last 
year at Dubrovnik. By now we see a clear support for the ideas of Kobayashi and 
Maskawa on the origin of CP violation in the Standard Model, fitting both K 
and B decays. Many crosschecks will be possible of which first hints are already 
showing up today, and we can still hope for surprises in the near future. 

This paper has profited from fruitful discussions with many colleagues from 
inside and outside the BABAR collaboration. Most notably, I enjoyed an inter- 
esting conference at the inspiring surroundings of Dubrovnik. 
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Abstract. Some properties of noncommutative field theories are reviewed. The em- 
phasis is in particular on renormalization and anomalies. 



1 Introduction 

Theories defined in noncommutative spaces have been considered over the years 
both by mathematicians and by physicists. Recently there has been a renewal of 
interest in this subject due to the realization of physical models of noncommuta- 
tive spaces based on open strings on D-branes, see [1] and references therein for 
early contributions to the subject. The possibility of pursuing this research with 
two different languages, that of (noncommutative ) field theory and the one of 
string theory, with the possibility to compare the results, has naturally attracted 
a lot of activity. One could mention several lines of research. Among others an 
extremely interesting one, which however will not be covered in this review, is 
the search for classical solutions in a noncommutative field theory, i.e. solitons 
and instantons. Noncommutative solitons in particular turn out to be particu- 
larly interesting because of their mimicking solutions of String Field Theory and 
their connection with tachyon condensation. The present short review concerns 
instead the properties of noncommutative gauge theories. Open strings attached 
to D-branes contain in their spectrum a massless vector field. It is a standard 
matter to find the amplitudes of the corresponding vertex operators. In the field 
theory limit (a' — ^ 0) these amplitudes coincide with those of an ordinary 0(1) 
gauge field theory. If, however, we switch on a constant field with nonzero 
components only in the space directions parallel to the D-brane, and repeat the 
above calculation, we find that, in the field theory limit, the amplitudes have 
changed. They are not the amplitudes of an ordinary gauge field theory, rather 
they correspond to the amplitudes of a noncommutative field theory^ in which 
the noncommutative parameter is precisely related to the value of the B-field. 

It is natural to ask whether this new field theory, which is nonlocal in the 
ordinary sense, enjoys the same properties as the ordinary field theories. In par- 
ticular, is it renormalizable and unitary? Does it have the same chiral anomalies 
as ordinary gauge theories? There has been intense research on these subjects 
and the previous questions have been answered at least in part. This is a short 
review of such results. 
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2 Noncommutative U{N) Gauge Field Theories 

In the introduction it was pointed out that noncommutative gauge field theories 
can be embedded in string theory. However these theories can also be defined 
on their own, without reference to string theory. Let us consider the Euclidean 
space and define on it the complex algebra Ae endowed with the Moyal-Weyl 
product 



/*gr(x) = (1) 

where 9^‘' is the deformation parameter. This implies in particular noncommu- 
tativity in 



= ( 2 ) 

It is natural to try to define a field theory in which the ordinary product is 
replaced by the Moyal product. In particular for a gauge theory we will assume 
the existence of a noncommutative connection with curvature 

* Ay (3) 

and gauge transformation 

SAfj^ = dfj^X + * A * Afj_ — iAfj^ * A (4) 

It is understood that both A and A are hermitean: A^ = A^t^ and A = , 

where is a complete set of TV x TV hermitean matrices: . In other 

words the connection A and the infinitesimal gauge transformations A are u(n)- 
valued functions on R'^. The theory we are introducing can therefore be called 
noncommutative U{N) {NCU{N)) gauge theory. Its action is 

s = (5) 

We notice that if we expand the integrand in this action in power series of 
9, we obtain an infinite series in the ordinary field A^^x) and its derivatives. 
The presence of higher and higher derivative terms would render an ordinary 
field theory non-local and untreatable. The remarkable thing of noncommutative 
theories is that, although they are non-local, the Moyal-Weyl product organizes 
such infinite series of terms so that they often behave like ordinary local theories. 

For instance, the Feynman rules for the theory (5) can be extracted in the 
usual way. The propagator is the same as in the ordinary theory, but the vertices 
are different. As an example, the vertex for three gluons with momenta pi,P 2 ,P 3 . 
and polarizations is given, in the NCU{1) case, by 

(Cl A2P2-^3+^i- espi • 6 + 6 • 6 p 3 • ei) e-^2PiOP2 (6) 

where p9q means p^9P'^qy. 
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As a matter of notation, we will use a basis of hermitean matrices 
(capital letters A, B, ... = 0, . . . — 1 will denote indices in the Lie algebra u{N), 

while i,j = 1, . . . ,N are the indices in the fundamental representation), with the 
normalization 

= . (7) 

This can be done, for example, by using a basis of hermitean matrices for the Lie 
algebra of SU (N), t“, (whenever necessary, lower case letters a, 6, ... = 1, . . . — 

1 will denote indices in the adjoint of su{N)), and adjoining The 

basis satisfies 



= dABct^' ( 8 ) 

where /abc is completely antisymmetric, fabc is the same as for su{N) and 
foBC = 0, while (Iabc is completely symmetric; dabc is the same as for su{N), 

doBC = \p^dBc, dooc = 0 and dooo = see [5]. 

3 String Theory Embedding 

As explained in the introduction, the noncommutative gauge theory introduced 
in the previous section (let us consider for the time being the NCU{1) theory) 
can be immersed in a string theory. Let us follow the approach of N.Seiberg and 
E. Witten, [1]. Think of a closed string theory in the presence of a D-brane. The 
closed string theory contains in the gravity spectrum an antisymmetric massless 
B-field, which always appears in the equations of motion under the differentia- 
tion symbol. Therefore, it is always possible to add a constant part to B without 
affecting the field equations. In particular the vacuum configuration of such a 
theory is always defined up to a constant B field. In the absence of any D-brane, 
a constant B field can always be gauged away. But if the vacuum configuration 
contains a D-brane, this operation is not possible anymore along the D-brane 
world-volume. The reason is that in the D-brane world volume there exists a 
U{1) gauge field A which together with B form a gauge invariant combination 
B — dA. Therefore a constant B-field can be eliminated by means of a gauge 
transformation on the bulk, but not along the D-brane world-volume. The up- 
shot of this discussion is that when we are in presence of such a configuration 
we should allow for a constant B-field, rather than put it to zero. 

Therefore let us suppose that we have a constant B field along a D-brane^. 
Now let us see the consequences of having a nonvanishing B-field. The D-brane 
dynamics is represented by the open strings attached to it. These open strings 

^ We suppose throughout the review that only space components are nonva- 
nishing. A nonvanishing time component would lead not to noncommutative field 
theory, but rather to an open string theory in a noncommutative ambient space, the 
so-called NCOS theories, which will not be considered in this review. 
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interact with B by the endpoints. This can be seen by looking at the sigma 
model action for such open strings: 

- 27ra'B^,e-%X^^d,X‘') (9) 

= — ^ f igaudaX^cTX'')-- [ B^^X^^dtX^ 

after partial integration. Here is the closed string metric, i.e. the metric 
background of the ambient space where the closed string lives, X is the world- 
sheet of the open string and dX its boundary. The boundary conditions for the 
theory (9) are 



g^,d„X‘' + 27,a' B^,dtX‘'\g^ = 0 ( 10 ) 

where d„, dt are the normal and tangential derivatives to dX. We see that B in- 
terpolates between the Neumann boundary conditions {B = 0) and the Dirichlet 
ones {B = oo). 

Now, at tree level, the relevant world-sheet is the disk or the upper half 
plane. The string propagator in the upper half plane is 



{X^{z)X'^{z')) 

-a' fff^'^lnlz - z'l - g^'^lnlz - z'| + G^'"ln|z - zf + 



2Tva' 



-r'^ln- 



where 



G'^'" = 



1 



1 



iff- 



jJ.l' 



0 ^^‘' = _(27ra0 



g + 2Tva'B g — 2Tva'B ^ 

1 ^ 1 



'\2 



-B- 



g + 2Tva'B g — 2 ttq/ B 



( 11 ) 



For open string amplitudes the relevant propagator is evaluated at the insertion 
points, i.e. on the real axis. This is 



(X^(t)X'^(tO) = ln(r - t'Y + - r"" c(t - t 



( 12 ) 



where t, t' are the real part of z, z', respectively. 

Now, if we take a' — ^ 0 keeping B and 0 fixed we get 



= - 



1 1 



(27ra0^ \B B 



fj,iy 



r" = ( ^ 

D 



(13) 



{X^{T)XYr)) = \e^^<r-T') 



and 



(14) 
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Now we can move on to compute amplitudes for the string modes. In partic- 
ular the gluon is represented by the vertex operator 

V{C,p)= [ (15) 

JdS 

where the momentum p and polarization ^ satisfy the relations: p^ = p • ^ = 0. 
The vertices are inserted on the real axis (if S is the upper half plane) in a 
definite order and then their positions are integrated over the entire real axis. 
The calculation from the string theory point of view is completely standard, and, 
once the limit a' — ^ 0 is taken, the result is 

{v{ii,Pi)V{!^^2,n)V{!^-i,P-i)) 

= (Cl • ^2 t 2 • & + ei • esTi • ^2 + ^2 • e3T3 • eo (le) 

which coincides with the vertex (6) above, which was obtained from the NCU (1) 
gauge field theory. 

It takes more work, but it can be proven that the generic n,-gluon amplitudes 
obtained in the same way from string theory coincide with the tree level vertices 
derived from the NCU{1) gauge theory. The generalization to U{N) is straight- 
forward. String amplitudes in this case are simply multiplied by the appropriate 
Chan-Paton (CP) factors. For instance, in the 3-gluon case, the CP factor is 
Tr(t"^i where belong to the basis of N x N hermitean matrices in- 

troduced above. It is easy to see that this make the amplitudes coming from 
strings coincide with those derived from NCU{N) gauge theory. 

In conclusion, at the tree level, there is a perfect correspondence between 
the gluon amplitudes obtained via string theory in the a' — ^ 0 limit, and the 
analogous amplitudes obtained from NCU{N) gauge theory. Then a question 
arises immediately: is this pattern going to persist also at one-loop? This means, 
on the field theory side, renormalizing NCU{N) gauge theory at one loop and 
calculating the relevant renormalized amplitudes. On the string theory side it 
means calculating the string theory one-loop corrected amplitudes after taking 
the field theory limit of the latter. Finally one has to compare the two results 
and see whether they coincide. 

This is what we are going to see in the next section. 

3.1 Renormalization of NCU(N) 

In this section we study one-loop renormalization of NCU{N) theory. The the- 
ory we have to renormalize is specified by the gauge-fixed action 

S= J d^xTr d^D^c - id^D^c^c)^ 

(17) 

where c = is the Faddeev-Popov ghost field. The notation is as in the 

previous sections. To simplify the calculations we will choose a = 1. The Feyn- 
man rules for this theory are given in the Appendix of [5], see also [2,3,4]. For 
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instance, the propagators are the same as in the corresponding ordinary gauge 
theory, while the 3-gluon vertex is given by 

-g{fABC cos(p xq)+ cIabc sin(p x q)j 

• {p - q)x + ffivA {q - k)^ + gx^ik -p)„) ( 18 ) 

where the external gluons carry labels (7l, p,,p), (B, v, q) and (d. A, k) for the Lie 
algebra, momentum and Lorentz indices and are ordered in anticlockwise sense. 
Moreover we use the notation p x q = \pn(^^''qu. 

Evaluating the one-loop contributions is lengthy but straightforward. The 
contributions split into two distinguished sets: planar and nonplanar. The first 
are characterized by the fact that the noncommutative factors (which are quad- 
ratic exponentials of the momenta) contain only external momenta, while in the 
nonplanar ones the noncommutative factors contain also the momentum run- 
ning along the loop. Since eventually we integrate over the running momentum, 
it follows that in the latter case the noncommutative factors become smoothing 
factors for ultraviolet singularities. Therefore we should not expect ultraviolet 
divergences from nonplanar diagram contributions. As a consequence in the fol- 
lowing we limit ourselves only to planar diagrams. In [5] the planar part of the 
2-, 3- and 4-point functions were evaluated adopting the dimensional regular- 
ization (e = 4 — 14, as usual). Here we write down some of the results. For 
instance for the 2-point function we have two nonvanishing contribution to the 
UV divergent part: 

- gluons circulating inside the loop: 

12 ri9 . 11 1 

^j^-^abN —g^pP --^P^Pr (19) 

- ghosts circulating inside the loop: 

12 [1 1 

Their sum is: 
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These are the same renormalization constant that occur in ordinary U (N) 
Yang-Mills theories. Therefore, the noncommutative U{N) Yang-Mills theories 
are one-loop renormalizable. 

Now that we have examined the field theory side let us have a look at the 
string theory side. The one-loop calculation from the string theory point of 
view is much more complicated and we will limit ourselves to a short summary. 
The calculation of the one-loop corrections to the amplitudes considered in the 
previous section are the annulus amplitudes. I.e. the relevant world^heet is the 
annulus. The latter can be represented as a unit disk from which a smaller disk 
centered at the origin has been cut out. This two dimensional surface has one 
modulus, which can be chosen to be the radius q of the smaller disk. The vertices 
relevant for the amplitudes in question are inserted at the border of the annulus. 
So they can be inserted either on the same (internal or external) boundary 
circle, giving rise to planar amplitudes, or are inserted on both boundary circles, 
giving rise to non-planar amplitudes. The field theory limit, in this situation, 
is not simply the limit a' — t 0, because we have to put a condition also on the 
modulus. As intuition suggests, this corresponds to ^ 1, i.e. to the annulus 
being squeezed to a circle, in which case the string diagrams look as skinny as 
Feynman diagrams. 

In the field theory limit the string diagrams that may give rise to diver- 
gences are only the planar ones. Since we are interested in a comparison with 
the divergent parts that appear in the one-loop renormalization just considered, 
we will limit ourselves to planar diagrams. Now the modification of the latter 
when a constant B-field is switched on is particularly simple. If we denote by 
A(i){pi, ■ ■ ■ ,Pn) and A(i){pi, ■ ■ ■ ,Pn) the n-point one-loop planar amplitudes 
with and without B field, respectively, the relation is, [7], 

. . . ,p„) (25) 

i<j 

This result was extended to higher loops in [8]. Now what we have to do is 
find the field theory limit in the theory without B field and multiply it by the 
noncommutative factor as in (25). Finding a field theory limit of a one-loop 
amplitude is a nontrivial exercise, but the result can be found in the literature, 
see [6] and references therein. Once multiplied by the relevant noncommutative 
factor it reproduces exactly the divergences found in the renormalization of the 
NCU{N) gauge theory above. 

In conclusion we can therefore quote the striking result that the NCU{N) 
gauge theory and the field theory limit of string theory with U{N) CP factors 
in the presence of a B field do exactly correspond, at least up to one-loop. 

3.2 Other Noncommutative Gauge Field Theories 

In addition to NCU{N) gauge theories there have been some attempts at defin- 
ing noncommutative gauge field theories based on subalgebras of u{N). Up to 
tree level there seems to be no obstruction to defining field theories of orthogonal 
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or symplectic type, [14]. These theories can also be embedded in some particular 
configurations of string theory, that is they can be viewed as effective field the- 
ories living on D-branes immersed in some kind of string theory in the presence 
of a B-field. However the one-loop situation is still not clear, [16]. On the one 
hand, a consistent one-loop renormalization procedure has not yet been found; 
on the other hand, the string theory one-loop calculations are not entirely un- 
ambiguous in the presence of a B-field. Until these question marks have been 
removed one cannot safely rely on these new theories. 

For a different approach to noncommutative gauge theories based on a generic 
Lie algebra, see [15]. 

4 Consistency Problems in Noncommutive Field Theories 

Renormalizability is a first test of quantum consistency of a theory, but there 
are others. After considering renormalization of noncommutative gauge theories 
in the previous section, a fundamental consistency test is the absence of chiral 
anomalies. The presence of chiral anomalies is a fatal disease for a theory because 
it prevents us from defining the fermion functional integral. It is therefore of 
utmost importance to find out whether a theory is plagued by chiral anomalies. 
What we are interested in in the following is of course whether noncommutativity 
brings in any difference as far as anomalies are concerned. The answer will be 
that it does. 



4.1 Chiral Anomalies 

Let us couple a NCU (N) gauge theory to fermionic matter and let us start from 
the simplest situation in which chiral anomalies are relevant, i.e. an action with 
chiral spinor in the fundamental representation in D dimensions: 

S' = f d^x + 4 fc * p+V’")) (26) 



Here P± = i(l±7) and 7 = 7071 . . . 7d-i, and we have used the correspondence 



4 = 4 ^^^’ 4 = 2 *’’ 44 ) 

where tr denotes the trace in the fundamental representation. 

There are basically two ways to calculate chiral anomalies. One is based on 
Feynman diagram techniques [9,10,12], the second on the WZ consistency condi- 
tions, [11,13]. The method we review here is the second. It relies on the concept 
of nc-locality, which means that the space of cochains (i.e. field theory monomials 
such as action terms) we consider is the same as in ordinary local field theories 
with the ordinary product replaced by the Weyl-Moyal product. This principle 
of nc-locality is suggested by one-loop renormalization of noncommutative field 
theories, where counterterms are precisely of the above type, and, in the cases in 
which the noncommutative field theories can be embedded in string theory in the 
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presence of a B field, can be traced back to the properties of string amplitudes, 
precisely to the fact that such string amplitudes factorize into noncommutative 
factors and ordinary string amplitudes (see previous section). The advantage of 
using this method is that, once the formalism is established, many conclusions 
are evident without resorting to explicit Feynman diagram calculations. 

To write down the WZ consistency conditions we consider a matrix-valued 
one-form A = with gauge field strength two-form F = dA iA-k A 

and gauge transformation parameter c (it is the same as A above but we take 
it to be a Grassmann-odd, i.e. the Faddeev-Popov ghost with ghost number 1). 
All these quantities are valued in the Lie algebra generated by the They are 
therefore hermitean matrices. The gauge (BRST) transformations are: 

sA = dc — iAk c -\- ick A, sc=—ckc (27) 

d and s are assumed to commute. As a consequence the transformations (27) 
are nilpotent like in the ordinary case. 

Now, following [11,13], we can write down the descent equations relevant to 
D = 2n dimensions, starting from a closed and BRST invariant 2n + 2-form 
f? 2 n+ 2 , constructed as a pol}momial of F and referred to as the top form: 

f^2n+2 = *^^2n+l 

= dnl (28) 

where the upper index is the ghost number and the lower index is the form order. 
f? 2 n is the (unintegrated) anomaly. Upon integrating the last equation, one gets 

s ( [ d^x = 0 (29) 



which precisely says that J d^x f? 2 n satisfies the Wess-Zumino consistency con- 
ditions. The virtue of the discent equations formalism is that it provides explicit 
expressions for anomalies and one is spared the details of the complicated veri- 
fication that f? 2 n does indeed satisfy the Wess-Zumino consistency conditions. 
The latter is an automatic consequence of the top form f? 2 n +2 being closed (and 
nontrivial) . 

In noncommutative gauge theories there is however a complication. This 
method does not work straightforwardly, because there exists no closed invari- 
ant polynomial that can be built with the noncommutative curvature F. There 
is however a way out that was pointed out in [11]: the differential space of 
cochains must be constituted by forms that are defined up to an overall cyclic 
permutations of the Moyal product factors involved. So, keeping this specifica- 
tion in mind, we can easily obtain the anomaly expression from the top form 
f? 2 n +2 = tr(F k F k F k ... k F) even though the latter, strictly speaking, is 
neither closed nor invariant. The anomaly is 



o2 

^^2n-l 



dt 



{t-lf 



Tr(dc k dc -If A k Fi; -If- ... k F^ + . . .) 



2 



(30) 
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where the dots represent (n, — l)(n — 2) — 1 terms obtained from the first by 
permuting in all distinct ways dc, A and Ft = tdA + it^Tl * A, keeping track of 
the grading and keeping dc fixed in the first position. 

In four dimensions the anomaly takes the form 

I ?4 = —^TY{dc A > 1 = dA dc* dA *A + dc*A*A*A) (31) 

It we integrate it over space-time, it coincides with the result obtained via 
Feynman diagram methods, see [10], (24). 

Before we discuss this equation let us consider other situations which may be 
potentially anomalous. There are not many. In fact it is well-known by now that, 
beside the fundamental representation of U{N), only the anti-fundamental and 
the adjoint representations of u{N) extend to linear representations of the Lie 
algebra of noncommutative u{N) gauge transformations. So we can build non- 
commutative gauge theories only with the latter representations (or direct sums 
of them). Now as long as we stick to D=4, in ordinary gauge theories with chiral 
fermions in the adjoint representation the chiral anomaly identically vanishes. In 
such theories one can resort to the well-known argument of reality of the adjoint 
representation to reach the relevant conclusion. However this conclusion can be 
easily extended to noncommutative theories, [12,13]. Therefore, in Z) = 4, the 
only (potentially) anomalous action is the one specified by (26). The anomaly 
corresponding to it is given by (31). Let us discuss this anomaly in detail. 

The main question is of course whether this anomaly may vanish under spe- 
cific conditions. The first two terms in (31) are proportional to Ai{T^T^T'^). 
Therefore the anomaly (31) vanishes only if = 0. Notice that in or- 

dinary theories the anomaly is proportional to Tr(T'^[T^, T^]), which vanishes 
for instance in the case of SU (2). Is this possible for NCU {N)7 The answer is no. 
In fact Tr(Z''^Z'-®Z'^) = ^Tr{T^{T^ + |Tr(Z'^[Z'-®, Z'^]). The first term 
in the RHS is the usual symmetric ad-invariant third order tensor; the second 
term, which is absent in the commutative case, is proportional to the structure 
constant and vanishes only when all the structure constants do. Therefore we 
see that (31) cannot vanish. Therefore the only possibility for a noncommutative 
theory to be chiral anomaly free is to be non-chiral. 

This is a very drastic conclusion, which can be extended to any even dimen- 
sion (see [13]), and prevents, for instance, a simple extension of the Standard 
Model to the noncommutative case. Whether we can get around it and define 
anomaly free chiral noncommutative gauge theories is not a minor problem we 
have to face in the construction of noncommutative theories. 

4.2 Unitarity and IR/UV Mixing 

The previous subsection tells us that consistent noncommutative gauge theo- 
ries can be found in the realm of theories without fermions or with nonchiral 
fermionic matter. Let us limit ourselves to such theories. However even in these 
theories there are new problems (as compared to ordinary theories) due to the 
overlap between IR and UV properties, [17]. 
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We have noticed above that nonplanar diagrams do not give rise to UV 
singularities. This is the beneficial effect of IR/UV mixing, and it is due to the 
smoothing effect of the noncommutative factors in the high momentum region. 
This can be seen most clearly in the simple case of a noncommutative theory 
in 4D, with mass m and coupling constant g. The two-point vertex at one loop 
can be easily evaluated. It splits, as usual, into a planar and a nonplanar part, 
which, after introducing a regulator A, are respectively given by 

r(2) ^ 9^ (a2 _™2i \ 

2 nonplanar 907^2 ™ ^2 ' ^ ' J 

where 

4Le// = T— y , pop= -p^,e^^ex''pu 

7P+P^P 

the metric signature being (—1,1,...,!). 

Prom (32) above, we see that, as long as p op 0 we can safely remove the 
regulator A (ff — ^ oo). 

However this beneficial effect in the UV is compensated by an increasing 
singularity pattern in the IR. To see this it is enough to look at the one-loop 
IPI quadratic effective action, which takes the form (forgetting logarithms for 
simplicity) 

dh - / {r + M-‘ + + -) M-v) (34) 

where M'^ = + . . . is the renormalized mass. Prom (34) we see that 

besides the usual propagator pole in p^ we have another pole in p o p. This is 
not in the original spectrum of the theory. 

The feature shown in this simple example is actually characteristic of all the 
noncommutative held theories, including the gauge theories. These modes, which 
appear d}mamically in the spectrum, have been recognized as due to the lack of 
decoupling between the modes of the held theory leaving on the D-brane (i.e. 
the massless open string modes) and the closed string modes that live on the 
bulk. 

4.3 Comments 

The above-mentioned new modes, which are not present in the original spectrum 
of the theory, represent a problem for noncommutative held theories. They may 
affect renormalization and unitarity of noncommutative field theories at higher 
loops. But they also raise more radical questions. In fact it is clear that in 
general noncommutative held theories represent an intermediate species between 



(32) 

(33) 
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ordinary field and string theory. They are interesting in themselves, but they 
might represent a serious opportunity as a new method to extract string theory 
results in a simplified way, without having to resort to full-fledged string theory 
. However the new modes, as well as the chiral anomaly problem we have seen 
above, represent an obstruction in this direction. The questions we would like to 
be able to answer are: can noncommutative field theories have an autonomous 
formulation, much in the same way ordinary field theories do? or, at some point, 
do we have to resort to our knowledge of string theory to understand otherwise 
incomprehensible facts about noncommutative field theories? Some answers to 
these issues have already been put forward, but the discussion is open. 
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of Quantum Field Theories 
on Noncommutative Spaces 
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Abstract. We first review regularization methods based on matrix geometry and show 
how an ultraviolet cut-off for scalar fields respecting symmetries results. Sections of 
bundles over the sphere can be quantized too. This procedure even allows to regular- 
ize supersymmetry without violating it. This work was extended recently to include 
quantum group covariant regularizations. 

In a second part recent attempts to renormalize fourdimensional deformed quantum 
field theory models is reviewed. For scalar models the well-known IR-UV mixing does 
not allow to use standard techniques. The same applies to the Yang-Mills model in 
four dimensions. Only additional symmetry, as it occurs in the Wess-Zumino model, 
allows to avoid this problem. 

Nevertheless there is some hope that the Yang-Mills model can be handled too. 
We used the Seiberg-Witten map to transform the noncommutative gauge field to a 
commutative one and used the degree of freedom of this map to obtain counter terms 
for the renormalization procedure. Finally a derivation of the Seiberg-Witten map from 
natural requirements is skechted. 



1 Introduction 

Almost ten years ago, I learnt from John Madore what he called the Fuzzy sphere. 
I was immediately enthusiastic: If you work within a geometry which does not 
have points, singularities of quantum field theory models may be cured. We 
applied these ideas first to simple two-dimensional models [1]. 

Lateron, together with Klimcik and Presnajder we treated all kind of models 
from scalar fields to spinor and gauge fields, even supersymmetric models were 
successfully treated. Lateron we dealt with models defined on CP{2), on a cylin- 
der respectively on an hyperboloid. All this was within what is now called the 
Lie-algebra-deformation. 

Very recently, together with John Madore and Harold Steinacker we went 
to q-deformed models. We obtained a cut-off procedure based on a sequence 
of embedded Podles spheres and were able to formulate a differential calculus 
which led to the formulation of gauge models too. This way we connected the 
Yang-Mills models and the Chern-Simons model to those obtained from string 
theory. 

Despite many attempts four dimensional quantum field theory on commu- 
tative space-time is still in bad shape. For two dimensional models constructive 
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methods as well as new algebraic methods led to enormous insights. Even three- 
dimensional models are quite well understood. In four dimensions we have to 
rely on renormalized perturbation theory, and attempts to cure the diseases go 
from unification ideas to adding additional dimensions, strings etc. It is natural 
therefore to ask for alternatives. 

One idea is to change the geometry. The final goal would be to include full 
quantized gravity, but on the way we may well study quantum field theoretic 
models on quantized space-time. This led recently to some surprises and new 
problems have shown up. 

Nevertheless there is some hope that the Yang- Mills model can be handled 
and the first steps have been done in joined work with Wulkenhaar and the 
group at the Technical University of Vienna. Following the Muniche group we 
used the Seiberg-Witten map to expand the models on noncommutative space- 
time into a commutative gauge field. The idea is to use the degree of freedom 
of the SW-map to include the necessary counter terms for loop renormalization. 
This program is under development. 

There is an old and simple argument that a smooth space-time manifold con- 
tradict quantum physics. If one localizes an event within a region of extension I 
an energy of the order hc/l is transfered. This energy generates a gravitational 
field. A strong gravity field prevents on the other hand signals to reach an ob- 
server. If one inserts the energy density to the rhs of Einsteins equation and puts 
a length r characterizing the curvature of space-time we get 

l/r^ = {G/c^){hc/l){l/f) (1) 

Next we put the two length scales to be equal, since it is certainly operational 
impossible to localize an event beyond this resulting Planck length. To the best 
of our knowledge the first time this argument was put to precise mathematics 
was in the work by Doplicher, Fredenhagen and Roberts. [2] They obtained what 
is now called the canonical deformation but averaged over two-spheres. I believe 
that this averaging will not improve the divergences problems, although it seems 
that nobody did do explicite calculations. 

We used in our work part of the ideas of noncommutative geometry. There 
are a number of books giving an overview [3] , [4] , [5] . We replace first the algebra 
of functions over a manifold by a noncommutative deformed algebra. Three kinds 
of deformations are treated. If the commutator of coordinates is put equal to a 
constant antisymmetric tensor, we call it the canonical deformation. If it is put 
to be a linear function of coordinates we call it a Liealgebra deformation, and if 
it is put to be a quadratic expression we call it a quantum group deformation. 
In the last case the Yang-Baxter equation has to be fulfilled. 

Next step concerns the differential calculus. We replace vector fields by 
derivations on the algebra, we define differential forms by duality. Although 
it is somewhat tricky to do this for the q-deformed sphere, in all three cases one 
succeeds. Hodge duality. Lie-derivatives, the Laplace operator etc., in summary 
most of the steps of ordinary differential geometry can be simulated. 

An essential step concerns fields. Classically they are sections of bundles, 
but also modules over the algebra. This last notion can be taken over to the 
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noncommutative situation. We study finitely generated projective modules over 
the deformed algebra and are able to quantize scalar, spinor and gauge fields. 

Finally we write down actions and integrate over the algebra, so we use 
certain trace functionals. Next steps concerns cohomology problems, the for- 
mulation of the spectral triples with the help of a Dirac operator and the use 
of cyclic cocyles. The final version of Alain Connes ideas concerns the spectral 
action which allows to unify all the interactions within one principle. 

2 Regularization of Quantum Field Theory 

2.1 Scalar Fields 

The ideas of deforming or quantizing the commutative algebra of functions over 
a manifold can best be explained for the simple example of the two-sphere and 
leads to the Fuzzy Sphere. The euclidean action of a scalar field is given by 

Sm = W /" + /i2(^.)2 + POL{<P)] (2) 

47T Jg2 

and is invariant under isometies or rotations of the sphere. The generators are 
angular momentum operators, they close under su{2). 4>{x) can be expanded 
according to the infinite set of irreducible representations of su{2). 

Next we truncate this tower: Consider vector spaces transforming according 
to the first N representations. They can be identified with mappings from the 
representation space N/2 to itself. These mappings are W+ 1 times A^-f 1 dimen- 
sional matrices, the noncommutative product of these is taken as the product 
within the algebra. In addition we have to give a precise description of the em- 
bedding of these algebras for different N, which gives a precise meaning also to 
the limit. For details see [6]. The Lie-algebra of the generators of this algebra is 
easy to describe. They form the su{2) Lie- algebra with suitable rescaling, such 
that the Casimir operator still fulfills the defining relation for the two-sphere as 
an operator. 

3 

[Xi,Xj] = iXijuXk , , (3) 

i=l 




Since we work on a matrix algebra it is easy to introduce a differential calculus. 
All derivations are inner, they are given by the adjoint action with the generators 
themself. For the two-sphere we take the generators introduced above and can 
develop a derivation based differetial calculus. Our aim next is to make sense 
out of a functional integral of the type 

/ D<i>e-sm 



im) 



( 5 ) 
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The action (2) will be replaced by 

S[4>] = l/NTr{[Xi, 4>][Xi, 4>] + POL{4>)) (6) 

where everything depends on A^. As for the measure we take just the product 
measure for the finite number of degrees of freedom. This makes the functional 
integral well-defined. 

In the limit where N tends to infinity, the old divergences show up. Feynman 
rules can be developed, a tadpole graph for the model diverges logarithmically 
in the limit. 

In the same spirit it is possible to quantize Kahler manifolds like CP{n), 
models on the cylinder and on hyperboloids have been treated too. 

In addition it is possible to quantize sections of line bundles over S '^ , which are 
characterized by the Chern number. This way we construct projective modules 
which lead in a certain limit to the sections of the line bundles over S'^ . We 
start from the Hopf-fibration of over S'^ with fiber U(l). Let \i ^nd \2 be 
components of a spinor. Ristrict the sum of the squares of these two complex 
numbers to be R. This defines the sphere S'®. We study next expansions in terms 
of these two complex coordinpr.tex ates and there complex conjugates. Define 
Xi = xVjX. The squares of Xi sum up to R? and define therefore S'®. If in 
an expansion an equal number of y’s and ybg occur, it becomes a well-defined 
function on S'®. Otherwise it is a section of a bundle. 

We next quantize this scheme: Replace the complex quantities by creation 
and annihilation operators of two bosons: 

[A,At] = di,-,*,j = l,2 (7) 

This means we use the Jordan- Schwinger representation of su{2). Next we define 
A^-dimensional subspaces Fj\[ of the Fockspace given by a fixed number of — 1 
creation operators. They form an irreducible representation of su{2). We study 
now maps from one such subspace to another one. If they are of equal dimension, 
square matrices will map one to the other and the sequence of them forms 
again the Fuzzy Sphere. If they are of different dimensions and their difference 
equals twice the topological charge, we quantize in a certain sence sections of 
the bundles. This way we obtain a sequence of embedded modules formed from 
nonsquare matrices of special size. 

The Dirac operator and spinors were obtained from a supersymmetric treat- 
ment. We extended su{2) to the supergroup osp(2/l) and obtained a quantiza- 
tion of superfields through an embedded sequence of graded matrix algebras. 

2.2 The Fuzzy Q-Sphere 

The above described Fuzzy Sphere is invariant under the action of SO{^), or 
equivalently under the action of t/(so(3)). Together with John Madore and 
Harold Steinacker we defined a sequence of finite algebras, which have analogous 
properties, but which are covariant under the quantized universal enveloping al- 
gebra Uq{su{2)) [7]. This has been done for real q as well as for q being a root 
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of unity. In the later case certain restrictions have to be obeyed. Covariance of 
an algebra A under Uq{su{2)) means that there exists an action 

Uq{su{2)) X A — > A, (m, a) i— > m i> a (8) 

such that u > {ah) = l> «)(w(2) &) for a,h & A. Here A{u) = ® M(2) is 

the S weedier notation for the coproduct. 

We may follow now the undeformed scheme and define q-deformed creation 
and annihilation operators. 



A+*A,- =5]+ qRfiAkA^^ (9) 

Next one considers again N dimensional subspaces of Fock space which form 
irreducible representations of Uq{su{2)). It is possible to define the q-deformed 
spheres in terms of Zi = Ai“eo,^ crf'^A.y by 

Z^Zj = constantZ}- (10) 

and to prove that the full matrix algebra is generated and to map the generators 
from the universal enveloping algebra to the others. After a study of the reality 
structure we introduced an invariant integral and studied a differential calculus. 
There exists a unique threedimensional module of 1-forms. As opposed to the 
classical case, an additional radial one-form shows up. This leads to the addition 
of a scalar field. 

Next it is possible to write down actions for scalar fields as well as for gauge 
fields. Three possible actions can be formed for the later. 

Si= [ A*A + 2AO (11) 



82 = 2 J A^ + 3 {AdA + A*A) + 6Ae + 2e^ ( 12 ) 

S^ = J{dA + A'^)*{dA + A'^) (13) 

were * denotes the Hodge star operation and O a special one-form which plays 
the role of the Maurer- Cart an form. The commutator of algebra elements with 
this special form gives one-forms. 



df=[ej] (14) 

As for the step from one-forms to two-forms one has to take the commutator 
but subtract the Hodge star of the one form in order to get two- forms. 

da = [O, a\^ — *a (15) 

where the anticommutator enters. The step to three-forms is given again by the 
commutator with this special form. 
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It is interesting to note that special linear combinations of S'* ’s correspond to 
the Yang-Mills action and to the Chern-Simons action. A special combination of 
both resulted from string theory after taking a particular limit [8] . Very recently 
we studied second quantization of a field theory on the q-deformed fuzzy sphere 
for q real. For this case it was necessary to perform a path integral over modes, 
which generate a quasiassociative algebra. This way we kept the symmetry and 
obtained a smooth limit for q going to one. 



3 Renormalization of Deformed Quantum Field Theory 



3.1 IR-UV Mixing 

Recently after the work of Seiberg and Witten [9] many attempts have been 
done to study field theory on noncommutative space-time. In analogy to quantum 
mechanics one assumes that the four dimensional coordinates obey a commutator 
relation like 

[x^, x""] = (16) 

This leads to the simplest noncommutative space-time and allows explicite cal- 
culations. Plane waves Up = obey the algebra 



upu, = 



(17) 



were p and q denote commutative d-dimensional momenta. Derivations on this 
algebra are defined through the multiplication with these momenta, an integral 
on this algebra is defined by mapping to the p = 0 part. For the noncommutative 
torus p and q runs over an integer lattice. The later occured through compacti- 
fication of M-theory on noncommutative 2-tori [10] and corresponds to turning 
on a background three-form. 

Superpositions of plane waves with smooth functions /(x) gives the Weyl 
operators VF[/]. A standard question is which product of functions allows to 
encode this algebra. The answer is given by the Moyal-Weyl product 

W[f]W[g] = W[f *g],{f *g){x) = f{x)g{y) (18) 



with X equal to y. 

Since divergences come from singularities due to point like interactions, there 
was hope that fields on these deformed algebras may be better behaved. Unfor- 
tunately divergences still persist. Loop integrals in nc theories differ only by 
phase factors [11], For p = q, which corresponds to planar diagrams, 

the same integral with the same divergences occurs as in undeformed models. 

Next question concerns renormalizability: It turns out that the Yang-Mills 
model is one-loop renormalizable, divergences can be absorbed such that Ward- 
Slavnov identities are fulfilled. 

For higher loop contributions a phenomenon similar to the IR-UV mixing of 
the 4 A theory occurs. Although the one-loop integrals for nonplanar diagrams 
is finite for generic external momenta, it diverges for zero external momenta. 
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This causes infrared problems even in massive theories. Inserted in higher loop 
contributions it gives rise to divergences which cannot be absorbed by standard 
procedures [12]. They would give rise to counter terms which are of different 
structure as the initial action was. We therefore conclude that the regulating 
phase becomes inefficient for vanishing momenta, which manifests itself as IR di- 
vergences. Higer loop contributions have been analysed by Chepelev and Roiban 
[13]. They represented Feynman graphs by ribbons, have drawn them on a genus- 
g Rieman surface with boundary and established a convergence theorem except 
for two kind of dangerous cases. So called rings stacked on the came cycle led to 
singularities (which may be summed-up) . Commutants occur if exceptional mo- 
menta lead to a vanishing of the oscillating phase factor. This leads to non-local 
counterterms. 

One possible way out concerns additional symmetries. We used a superfield 
formulation and established a proof, that the Wess-Zumino model does not have 
the above mentioned disease [14]. Since only logarithmically divergent diagrams 
occur, and we showed earlier that even iterated integrals of this type are harm- 
less, the standard renormalizability proof can be adapted. 

3.2 Yang- Mills Fields 

Recently nc Yang- Mills theory attracted many people. Especially Seiberg and 
Witten argued that there should exist an equivalence of regularization schemes 
(point splitting versus Pauli- Villars), and that there should exist a map which 
relates the nc gauge field with nc gauge parameter to counterparts on ordinary 
space-time. 

Denote by A, A and F gauge parameter, gauge connection and field strength 
for the deformed model, and by A, A and F the appropriate quantities for the 
undeformed case. For the Seiberg-Witten map one requires that 

= ^[<^aA1] (19) 

which means that the gauge transformed nc field should be equal to the nc 
field of the gauge transformed commutative one. This requirement leaves a great 
degree of freedom open. Various methods are avalable to get the mapping from 
A to A, or better to get the expansion of the later in terms of an expansion of 

A. 

This map is meant to be given as a formal power expansion series in 
The Muniche group [15] [10] used these ideas and argued that this is the way 
to obtain a finite number of degrees of freedom in non- Abelian nc Yang-Mills 
theories. 

If one inserts the Seiberg-Witten map to the Yang-Mills action it leads to 
a gauge field theory with an infinite number of vertices and Feynman graphs 
with unbounded degree of divergences, which seems to rule out a perturbative 
renormalization. An explicite quantum field theoretical investigation using this 
map for nc Maxwell theory led to the surprising result that the one-loop photon 
self-energy is gauge-invariant and gauge independent. It was not renormalizable. 
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However, it was possible to absorb the divergences into gauge invariant extension 
terms added to the classical action involving 9, which was interpreted as coming 
from a modified scalar product. 

It turns out, that the extended action is actually a part of the freedom which 
exists in the Seiberg-Witten map. It means that a renormalization of constants 
which are free in that map can be used to absorb the one-loop divergences. 
This extends to a complete proof of all-order renormalizability of the photon 
self-energy. This freedom in the Seiberg-Witten map can be regarded as a field 
redefinition. 

3.3 Observer versus Particle Lorentz Transformations 

In general one should distinguish between two kinds of Lorentz (or more general, 
conformal) transformations. Lorentz transformations in special relativity relate 
physical observations made in two inertial reference frames characterized by 
different velocities and orientations. These transformations can be implemented 
as coordinate changes, known as observer Lorentz transformations. Alternatively 
one considers transformations which relate physical properties of two particles 
with different helicities or momenta within one specific inertial frame. These 
are known as particle Lorentz transformations. Usually (without background) 
these two approaches are equivalent. However, in the presence of a background 
tensor field this equivalence fails, because the background field will transform 
as a tensor under observer Lorentz transformation and as a set of scalars under 
particle Lorentz transformations. 

Thirdly, having a background tensor field one may consider the transforma- 
tions of all fields within a specific inertial frame simultaneously, including the 
background field. These transformations are known as (inverse) active Lorentz 
transformations and are equivalent to observer Lorentz transformations. 

What kind of ‘field’ is Since we are considering the case of a constant 
9, it certainly is a background field. Therefore we will refer always to ‘observer’ 
transformations. This also matches to the setting of noncommutative field theory 
appearing in string theory. Here 9 is related to the inverse of a ‘magnetic field’ 
(mostly taken to be constant). In this sense, Lorentz invariance of the action 
means that its value is the same for observers in different inertial reference 
frames. Since invariance of the action always involves the sum of conformal 
transformations of A and 9, one can however take the ‘particle’ point of view 
and regard our ‘observer’ invariance as the quantitative amount of ‘particle’ 
symmetry breaking due to the presence of 9. 

In the rest of the review we will simply refer to conformal transformations, 
leaving out the ‘observer’ prefix. 

3.4 Rigid Conformal Symmetries 

The Lie algebra of the rigid conformal transformations is generated by mo- 
mentum, Lorentz generators and dilatation D and obey the standard 

commutation relations. 
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A particular representation is given by infinitesimal rigid conformal trans- 
formations of the coordinates which is given for example for the Lorentz 
transformation by 

= {I + px{Mai3))x^ + = xpO^ -x^dp ( 20 ) 

for constant parameters 

A field is by definition an irreducible representation of the Lie algebra. In 
view of the noncommutative generalization we are interested in the Yang-Mills 
field (and the constant antisymmetric two-tensor field for which a rep- 
resentation of the generator of Lorentz transformation is given by 



' j' ^ X tv fj^iyAp Q{ipA(x A Xo^dpA^ xpdo^A^ (^ 1 ) 

We use the following differentiation rule for an antisymmetric two-tensor 
field: 

1 / \ 

. ( 22 ) 



dOP^ 2 
and observe that the Yang-Mills action 



^’= J d^xtT{F^,F^^‘') 



(23) 



where = d^Au — duA^ — i[A^, A^] is the Yang-Mills field strength and g 
a coupling constant, is invariant under all our transformations. Moreover the 
action (23) is invariant under gauge transformations 



V^A;X = j d!^xAi[D^\ ^ j = d^» -i[A^, •] , (24) 

with a possibly field-dependent transformation parameter A. 

Next we were able to show that the noncommutative gauge field forms an 
irreducible representation of the same undeformed Lie algebra of rigid conformal 
transformations. To obtain the representation we took the symmetric product 
when going to the noncommutative realm: AB -A ^{A, 5}*. Compatibility with 
gauge transformations implies that only the sum of the conformal transforma- 
tions of gauge field A and 9 has a meaning. A covariant splitting of this sum 
allows a (^-expansion into a commutative gauge theory. 



3.5 Conformal Transformations 

of the Noncommutative Gauge Field 

We generalize the (rigid) conformal transformations to noncommutative Yang- 
Mills theory, i.e. a gauge theory for the field transforming according to (21): 

■■= J d-^xtr(^(^^{x„,dpAf^}^ - ^{xp,d„Af^}^ + g^^^Ap- g,,pA„}j 

( 25 ) 
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where {U,V} ^ := U*V + V*U is the ★-anticommutator. It is important to take 
the symmetric product in the “quantization” XadpA^ i— > . Let 

us introduce the convenient abbreviation standing for one of the operators 
I ILT , IL? fb-?| and similarly for WL 

Applying to the noncommutative Yang-Mills field strength = 

— d^A^ — i[A^,A^]* one obtains which is not the expected 

Lorentz transformation of the field strength. However, we must also take the 9- 
transformation into account, which acts on the ^-product in the A-bilinear part 
of Ffii,. Using the differentiation rule for the ^-product 



Wg{U*V)={WlU)*V+U*{W]V)+"-{W]ef^^){d^U)*{d,V) , (26) 



which is a consequence of (22), together with 

WgA^ = 0 , (27) 

one finds that cancels exactly part of the above expression. It is then 

easy to verify that the noncommutative Yang-Mills (NCYM) action 



y tr(L>" ★ F^, ) (28) 

is invariant under noncommutative translations, rotations and dilatations^ : 



with the general notation 



R 

A+e-aj3 






(29) 



^A-,C + ^B-C — ^A+B-C- ( 30 ) 

Computing the various commutators between lU^ one convinces oneself that 
the noncommutative gauge field Ajj, forms an irreducible representation of the 
conformal Lie algebra. It is remarkable that the conformal group remains the 
same and should not be deformed when passing from a commutative space to a 
noncommutative one whereas the gauge groups are very different in both cases. 
This shows that the fundamentals of quantum field theory — Lorentz covariance, 
locality, unitarity — have good chances to survive in the noncommutative frame- 
work. 

In particular, the Wigner theorem that a field is classified by mass and spin 
holds. The conformal Lie algebra is of rank 2, hence its irreducible representa- 
tions p are (in nondegenerate cases) classified by two Casimir operators, 

nF = p{Fr)p{F^) , s(s + l)m^ = , (31) 

^ In [20] we have shown that an identity like — 29'^'' {dF 186'^'') = 0 exists for 

dilatation in the case of noncommutative A theory. 
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where 

= -^e^^-^^piPr)piMap) (32) 

is the Pauli-Ljubanski vector and to and s mass and spin of the particle, re- 
spectively. In our case where p(?) is given by the action of on Afj, we 

find 

TO^i^ = -d-d^A^ ,9paWpPWp^A^ = 2{g^rd^d„ - d^dr)A^ +0d^drA^ , 

(33) 

which means that the transverse components of A^ have spin s = 1 and the 
longitudinal component spin s = 0. 



3.6 Compatibility with Gauge Symmetry 

The NCYM action (9) is additionally invariant under noncommutative gauge 
transformations 

= J d^xtT(^{d^X-i[A^,X]J (34) 

where A is a possibly A-dependent gauge parameter. This means that the sym- 
metry algebra of the NCYM action is at least^ given by the Lie algebra 

C = g ><iC (35) 



of Ward identity operators, which is the semidirect product of the Lie algebra 
g of possibly field-dependent gauge transformations with the Lie algebra 

C of rigid conformal transformations . The commutator relations of L 

^ A\e 

can now be computed. 

It is crucial to use the sum of the individual transformations and 

^pg individual commutators do not preserve the Lie algebra £: 
One may ask whether there exists a ‘rotation’ in (A, 9) space so that the 
‘rotated fields’ preserve individually the mixed commutators. To be concrete, 
what we look for is a splitting 



W'. = W-'- - 

A+e — A 



ALi 









[lYj 



IY?d 

A;Xi 






(36) 



for appropriate field-dependent gauge parameters and A^. Each of the two 
relations in (36) is of course the consequence of the other relation. Furthermore, 
we impose the condition that the splitting should be universal in the sense fbj = 



A = "'k - I • P") 

^ Renormliz ability seems to require that the symmetry algebra of the NCYM action 
is actually bigger than C. 
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(38) 



wl = w] + Wl{dP'^) [ rf^xtrf ^-L-) = Wl{dP'^)^ . 

^ \dep<^ SA^' dQp^ 

The notation is for the time being just a symbol for a field-dependent 

quantity with three Lorentz indices and power-counting dimension 3. Inserted 
into (36) one gets the equivalent conditions 

, (39) 

(40) 

Whereas (40) cannot be solved without prior knowledge of the result^, we can 
trivially solve (39) by a covariance ansatz were ilpa-fi, a polynomial in the co- 
variant quantities 6, X , F, D . . . DF which is antisymmetric in p, a and of power- 
counting dimension 3 shows up. For physical reasons (e.g. quantization) an X- 
dependence of 17^0-^ should be excluded. We denote these transformations as 
covariant transformations of the noncommutative gauge field A, because they 
reduce in the commutative case to the ‘gauge-covariant conformal transforma- 
tions’ of Jackiw [18,19]. 

It follows that 1F| and thus are (up to a gauge transformation) precisely 
the missing piece to complete an invariance of the action, 

( = 0 , ( = « • ( 41 ) 

Applying to the NCYM action (9) we obtain for = 0 



= 0 , = - / d^xtr( ★ Tp, - e^pFP^ ★ 7) 



W?X=- / d^ X tr (^e%FP^ *fsa) , 



where the quantity 

=IFpp* F/ + - \9^.uFp. * pp^ (44) 

resembles (but is not) the energy-momentum tensor. The calculation uses how- 
ever the symmetry 7 A = and tracelessness = 0. As we have shown 

the first (rotational) condition has, reinserting iipap, the solution 



^Qpa ^ g da-Pp, + ^a-p] ^ + g {Per, dpPp + ^ pp] p + ^perp , (45) 



® One can make of course an ansatz for with free coefficients to be determined 

d9P‘^ 

by (40). 
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which is also compatible with the second (dilatational) condition in (41). The 
solution (10a) is for = 0 known as the Seiberg-Witten differential equation 
It is now straightforward to check (40) for an arbitrary field-dependent gauge 
parameter A. The gauge parameters in (38) are 

^ ^a/3 = Ap, A^}* — -{2x^+1?^'’ Ap, Aq,}* , A^}* . 

(46) 

3.7 Summary and Outlook 

We have established rigid conformal transformations for the noncommutative 
Yang-Mills field A. Our results related to these transformations can be summa- 
rized as follows. 

The (classical) noncommutative Yang-Mills action (9) is invariant under the 
Lie algebra C of gauge transformations and the sum IT^ + fkj of confor- 
mal transformations of A and 0. The commutation relations [IlA +ITj, = 

IY| in £ suggest a covariant splitting IT^ + ITj = IT^ + ITj. The relation 
[IT^, is trivially solved by a covariance ansatz. Then, the covari- 

ant complement kbj is simply obtained from invariance of the NCYM action un- 
der IT^ + ITj transformation. The solution for ITj is given by the Seiberg-Witten 
differential equation. What we have thus achieved is a more transparent — and 
less restrictive — derivation of the Seiberg-Witten differential equation which does 
not require the usual ansatz of gauge equivalence. 

Interpreting the Seiberg-Witten differential equation as an evolution equation 
we can express the noncommutative Yang- Mills field A in terms of its initial value 
A. The resulting <?-expansion of the NCYM action is invariant under commutative 
gauge transformations. Moreover, noncommutative conformal transformations 
reduce after <?-expansion to commutative conformal transformations. In this way 
we associate to the NCYM theory a gauge theory on commutative space-time for 
a commutative gauge field A coupled to a translation-invariant external field 6. 
Both gauge theories can be quantized by adding appropriate gauge-fixing terms 
and yield two quantum field theories respectively. It is unclear in which sense 
these two quantum field theories are equivalent. At least on a perturbative level 
the quantum field theories are completely different. 

Loop calculations and power-counting analysis [13] reveal a new type of in- 
frared singularities which so far could not be treated. Loop calculations [21] 
are free of infrared problems but lead apparently to an enormous amount of 
ultraviolet singularities. This is not necessarily a problem. For instance, all UV- 
singularities in the photon selfenergy are field, redefinitions [22] which are possible 
in presence of a field of negative power-counting dimension. For higher N- 
point Green’s functions the situation becomes more and more involved and a 
renormalization seems to be impossible without a symmetry for the <?-expanded 
NCYM-action. We did hope at the beginning of the work that this symme- 
try searched for could be the Seiberg-Witten expansion of the noncommutative 
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conformal symmetries. As we have seen this is not the case and the complete 
renormalization of NCYM theory remains an open problem. 

We have proved that the noncommutative gauge field is an irreducible repre- 
sentation of the undeformed conformal Lie algebra. The noncommutative spin-| 
representations for fermions have been worked out too. This shows that classical 
concepts of particles and fields extend without modification to a noncommu- 
tative space-time. We believe this makes life in a noncommutative world more 
comfortable. 

Of course much work remains to be done. First we have considered a very 
special noncommutative geometry of a constant 9^'' . This assumption should 
finally be relaxed; at least the treatment of those non-constant 9^'' which are 
Poisson bivectors as in [12] seems to be possible. The influence of the modified 
concept of locality on causality and unitarity of the S-matrix must be studied. 
Previous results with different consequences according to whether the electrical 
components of 9^'' are zero must be invariantly formulated in terms of the signs 
of the two invariants 9>^''9^i, and e^i,pa-9i^''9P°' . Eventually the renormalization 
puzzle for noncommutative Yang-Mills theory ought to be solved. 
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of Noncommuting Coordinates 
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Abstract. Noncommuting spatial coordinates and fields can be realized in actual 
physical situations. Plane wave solutions to noncommuting photodynamics exhibit vi- 
olaton of Lorentz invariance (special relativity). 



1 Introduction 

These days, investigators are probing the validity of Lorentz invariance (special 
relativity). This activity is documented by the papers presented at the Indi- 
ana meeting and submitted to the (recently postponed) Harvard meeting. Ex- 
perimental and theoretical studies are pursued: experimentalists measure limits 
on Lorentz- violating processes; theorists build plausible Lorentz- violating exten- 
sions of the standard model. 

When selecting Lorentz- violating terms, for possible inclusion in a modified 
standard model, we prefer to use structures that have a preexisting role in physics 
or mathematics. Thus our old proposal to add to the Maxwell Lagrangian the 
Lorentz- noninvariant quantity y f d^rA-S = y / d^r A-(V x A), which leads 
to birefringence of the vacuum and to a Faraday-like rotation for the polarization 
of light propagating through the vacuum, makes use of the f d^r A • B quan- 
tity, which was previously known in magnetohydrodynamics as the “magnetic 
helicity” , in fluid mechanics (with the fluid velocity v replacing the electromag- 
netic vector potential A) as the “kinetic vorticity”, and in mathematics as the 
“Chern-Simons term” . While the inclusion of this term in an electrodynamical 
theory leads to Lorentz, parity, and CTP violation, experiment conclusively rules 
out such a modification in Nature [1]. 

Another mechanism for Lorentz invariance breaking has become the focus 
of recent research: the suggestion is made that spatial coordinates need not 
commute. While present attention to this idea derives from string theory, we 
shall place this mechanism in the more familiar context of quantum mechanics 
and quantum field-theory. 

Like many interesting quantal ideas, the notion that spatial coordinates may 
not commute can be traced to Heisenberg who, in a letter to Peierls, suggested 
that a coordinate uncertainty principle may ameliorate the problem of infinite 
self-energies. We shall describe later the physical application that Peierls made 
with Heisenberg’s idea. Evidently, Peierls also described it to Pauli, who told 
it to Oppenheimer, who told it to Snyder, who wrote the first paper on the 
subject [2]. 



J. Trampetic, J. Wess (Eds.): LNP 616, pp. 294—304, 2003. 
(c) Springer- Verlag Berlin Heidelberg 2003 
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Let us begin with a physical application of the idea that goes back to Peierls. 



2 Noncommutativity in the Presence 
of Strong Magnetic Fields 



2.1 Particle Noncommutativity in the Lowest Landau Level 

We are interested in a point-particle moving on a plane, with an external mag- 
netic field b perpendicular to the plane. The equation for the 2- vector r = (x, y) 
is 

mh® = + /®(r) (1) 

c 

where v is the velocity r, and f represents other forces, which we take to be 
derived from a potential V: f = —'VV. Absent additional forces, the quantized 
theory gives rise to the well-known Landau levels, with separations 0{hjm). The 
limit of large b effectively projects onto the lowest Landau level, and is equivalent 
to small m. Setting the mass to zero in (1) leaves a first order equation 

e = . ( 2 ) 

This may be obtained by taking Poisson brackets of r with the Hamiltonian 

Ho=V (3) 

provided the fundamental brackets describe noncommuting coordinates. 



{r®, W} 






( 4 ) 



so that 



r® = {Ho, r®} = [H, H}djV = • (5) 

The noncommutative algebra (4) and the associated d}mamics can be derived 
in the following manner. The Lagrangian for the equation of motion (1) is 

L = 4mn^ H — v • A — V (6) 

where we choose the gauge A = (0, bx). Setting m to zero leaves 

ch 

Lo = —xy -V{x,y). (7) 

c 

which is of the form pq — h{p,q), and one sees that {—x,y) form a canonical 
pair. This implies (4), and identifies V as the Hamiltonian. 
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Finally, we give a canonical derivation of noncommutativity in the m — ^ 0 
limit, starting with the Hamiltonian 

+ («> 

H gives (1) upon bracketing with r and tt, provided the following brackets hold: 

{r®,r^} = 0 (9) 

{r^ 7T^'} = (5*^' (10) 

ch ■ - 

{7r^7rJ} = . (11) 

Here tt is the kinematical (noncanonical) momentum, mr, related to the canon- 
ical momentum p hy n = p — ^A. 

We wish to set m to zero in (8). This can only be done provided tt vanishes, 
and we impose tt = 0 as a constraint. But according to (11), the bracket of the 
constraints is nonzero, and the constraints are recognized to be “second-class” 
in Dirac’s terminology. To proceed with the canonical formalism, we must intro- 
duce Dirac brackets. We omit the details of that technology, but merely record 
the resulting Dirac bracket: 



= ( 12 ) 

In this approach, noncommuting coordinates arise as Dirac brackets in a system 
constrained to lie in the lowest Landau level. Notice that the coordinate noncom- 
mutativity is already established at the classical level in that the Poisson bracket 
of coordinates is nonvanishing. Later we shall discuss the quantum version [3]. 

Peierls observed that when an impurity in the electron system is described 
by V, one can obtain the first-order energy shift of the lowest Landau level by 
taking the coordinates of (x, y) on which V depends to be noncommuting [4]. 

A further interesting subject, which is not discussed here, concerns the be- 
havior of the wave function in the phase-space reductive, m —)■ 0, limit that 
projects onto the lowest Landau level. Before the reduction, the wave function is 
a normalized expression depending on the two coordinates. After the reduction, 
the wave function can depend only on one coordinate, because the other is a 
conjugate variable. How all this comes about is explained in the literature [3]. 

2.2 Field Noncommutativity in the Lowest Landau Level 

The above demonstrates that spatial coordinates of particles in an intense mag- 
netic field do not (Poisson) commute. But we are interested in fields. To find an 
example of noncommuting fields, we turn to the equations of a charged fluid, 
moving on a plane in an external magnetic field perpendicular to the plane. 
The fluid is described by a density p and velocity v, both defined on the two- 
dimensional plane. A mass parameter m is introduced for dimensional reasons, 
so that the mass density is mp. The fields p and v are functions of t and r and 
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give an Eulerian description of the fluid. The equations that are satisfied are the 
continuity equation 



p + V-(/n;)=0 (13) 

which expresses matter conservation, and the Euler equation 

mv^ + mv • Vn® = -e^^v^h + f (14) 

which is the force equation. Here /* describes additional forces, e.g., 
where P is pressure. We shall take the force to be derived from a potential of 
the form 

[For isentropic systems, the pressure is only a function of p; (15) holds with 
V a function of p, related to the pressure by P(p) = pV\p) —V{p). Here we 
allow more general dependence of E on p (e.g., nonlocality or dependence on 
derivatives of p) and also translation noninvariant, explicit dependence on r [5].] 
Equations (13)-(15) follow by bracketing p and tt with the Hamiltonian 

provided that fundamental brackets are taken as 

{p(r),p(r')} =0 (17) 

{7r(r), p(r')} =Vd(r— r') (18) 

{7T®(r), TT^r')} = — (mu>{r) -\ '\5{r — r') (19) 



where e^^uj{r) is the vorticity dpu^ — and tt = mv. 

We now consider a strong magnetic held and take the limit m — ^ 0, which is 
equivalent to large b. Equations (14) and (15) reduce to 



V 



i 



C d S 
eb dr^ Sp{r) 



dVE . 



( 20 ) 



Combining this with the continuity equation (13) gives the equation for the 
density “in the lowest Landau level” : 



p(r) 



c 5 j. 5 S 

o( t)e^^ 

eb dP dri 5p{r) 



dVE 



( 21 ) 



(For the right-hand side not to vanish, V must not be solely a function of p.) 

The equation of motion (21) can be obtained by bracketing with the Hamil- 
tonian 



Hi 



0 — 



dVE 



( 22 ) 
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provided the charge density bracket is nonvanishing, showing noncommutativity 
of the p’s [6] : 

{p(r), p(r')} = dip{r)dj5{r - r') . (23) 

JIo and this bracket may be obtained from (f6) and (f7) - (f9) with the 
same Dirac procedure presented for the particle case: We wish to set m to zero 
in (16); this is possible only if tt is constrained to vanish. But the bracket of the 
tt’s (19) is nonvanishing, even at m = 0, because b ^ 0. Thus at m = 0 we are 
dealing with a second-class constraint that leads to a nonvanishing Dirac bracket 
of densities as in (23): 

{p(r),p(r')}n = -^£^^dip(r)djS(r - r') . (24) 

The p-bracket (23), (24) enjoys a more appealing expression in momentum 
space. Upon defining 



p(p) = / dVe*P^"p(r) 



(25) 



we find 

(P(P), P(<l)} = - + <l)- (26) 

The form of the charge density bracket (23), (24), (26) can be understood by 
reference to the particle substructure for the fluid. Take 

pM = (2”^) 

n 

where n labels the individual particles. When the coordinates of each particle 
satisfy the nonvanishing bracket (4), (12), the {p(r),p(r')| bracket takes the 
form (23), (24), (26). 

2.3 Quantization 

Quantization before the reduction to the lowest Landau level is straightforward. 
For the particle case (9)-(ll) and for the fluid case (17)-(19) we replace brackets 
with i/h times commutators. After reduction to the lowest Landau level we do 
the same for the particle case thereby arriving at the “Peierls substitution,” 
which (as mentioned previously) states that the effect of an impurity [V in (6)] 
on the lowest Landau energy level can be evaluated to lowest order by viewing 
the (x, p) arguments of V as noncommuting variables [4]. 

For the fluid, quantization presents a choice. On the one hand, we can simply 
promote the bracket (23), (24), (26) to a commutator by multiplying by i/H. 

[p(r),p(r')] = ih-^£^^dip{r')djd{r -r') 

[p{p),p{q)\ = ih\e^^p"q^p{p + q) 



(28) 

(29) 
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Alternatively we can adopt the expression (27), for the operator p(r), where 
the r„ now satisfy the noncommutative algebra 

(30) 

and calculate the p commutator as a derived quantity. 

However, once r„ is a noncommuting operator, functions of r„, even 5- 
functions, have to be ordered. We choose the Weyl ordering, which is equivalent 
to defining the Fourier transform as 

P(P)=E^'"’ "’' • (31) 

n 

With the help of (30) and the Baker-Hausdorff lemma, we arrive at the “trigono- 
metric algebra” 

[p(p),p(g)] = 2*sin(^^e®Vg^)p(p + g) • (32) 

This reduces to (29) for small h. 

This form for the commutator, (32), is connected to a Moyal star product in 
the following fashion. For an arbitrary c-number function /(r) define 

(/) = J dVp(r)/(r) = j d^pp{p)f{-p) . (33) 

Multiplying (32) by f{—p)g{—q) and integrating gives 

[{f)A9)] = {h) (34) 

with 

Hr) = if g){r) - {g f){r) (35) 

where the product is defined as 

if*g){r) = (36) 

Note however that only the commutator is mapped into the star commutator. 
The product (/) (g) is not equal to {f * g). 

The lack of consilience between (29) and (32) is an instance of the Groenwald- 
VanHove theorem, which establishes the impossibility of taking over into quan- 
tum mechanics all classical brackets [7]. Equations (30)-(36) explicitly exhibit 
the physical occurrence of the star product for fields in a strong magnetic back- 
ground. 

3 Various Algebras 

Before proceeding with our construction of a noncommutative Maxwell field 
theory, let us summarize here the various (nontrivial) algebras that we have 
encountered in the above development. 
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The fluid velocity algebra (19) at 6 = 0 and m = 1 reads in any spatial 
dimension 

{v'^{r),v^ [r')} = — j^{div^ (r) — djV^{r))S{r —r') . (37) 

This was first given by Landau [8]. In spite of the awkward appearance, the 
algebra in fact takes a familiar form when we define the momentum density 
'P = pv, and use (17), (18) for the p brackets. Then (37), with (17) and (18) 
implies 

- O . (38) 

This is the usual momentum density algebra, which also describes diffeomor- 
phisms of space in the following fashion. If an infinitesimal coordinate transfor- 
mation is given by 

<5r* = -f{r) (39) 

we define the average (/) of /* by integrating with 

if) = I dr f{r)F\r) (40) 

then (38) has the consequence that for two such functions / and g we have 

{(/),(</)} = -W (41) 

where h is the Lie bracket of / and g: 

F = g^djf - fdjg^ . (42) 

By scaling p the noncommutative density algebra (23), (24) may be presented 
as 

{p(r), p{r')} = dip{r)dj5{r - r') . (43) 

This intrinsically two-dimensional structure is the area-preserving algebra, stud- 
ied by Arnold [9] . Area- preserving coordinate transformations (volume preserv- 
ing in arbitrary dimensionality) possess unit Jacobian. For the infinitesimal form 
of the transformation (39) this means that /* is transverse: diP = 0. Therefore, 
in two dimensions, an area-preserving transformation is generated by a scalar: 

P = P^djf . (44) 

When an average (/) is defined by 

iP = J dP f{r)p{r) (45) 

equation (43) again implies (41), but now we have 



h = FPifdjg 



(46) 
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which also follows from (42) when all three functions take the form (44). 
Finally the algebra (32) 

{P(P),P(9)} = -^sin(^— e®V?^)p(P + 9) 

which also leads to the Moyal-star product (36) for averages (45), is called 
a trigonometric algebra, which was introduced by D. Fairlie, P. Fletcher, and 
C. Zachos [10], 

4 Noncommutative Electrodynamics 

Stimulated by the occurrence of the star product in the discussion of charged flu- 
ids in an intense magnetic field, we abstract the idea and use it in the new setting 
of noncommutative Maxwell theory. This theory is described by the vector po- 
tential An (the caret denotes noncommuting quantities) and the theory is built 
on a gauge- invariance principle. Gauge transformations act on A^, according to 

An^Al = (G^) * {An + *5^) * {A^y^ . (47) 

The star (*) product of two quantities is defined by 

(Oi*C>2)(r) = ei®'“'j^J^Oi(r)O2(r0|^^^, (48) 

and we take 9^^'^ to have no time components {6^ = 0, 0®^ = The 

field strength Fnv is constructed from An in a manner such that the gauge 
transformation (47) effects a covariant transformation: 

Em. ^ Hu = AH * Fnu * (d^)-' . (49) 

This requirement is met, provided Fn,y is given by 

Fnu = dnA„ - d^An - i[An, dj.]* (50) 

where AA* = An * A^ — A^ * An- Finally, the action is taken to be 

^=-iJ d^^F^^^*Fnu 

= -\ j ^AxP^^Hnu . (51) 

One would like to find the equations of motion, calculate physically interest- 
ing quantities, and compare them to corresponding quantities in the Maxwell 
theory. In this way one could assess the effect of noncommutativity and perhaps 
place experimental limits on it. However, a problem arises: local quantities in 
noncommutative electrod}mamics are gauge variant and no invariant meaning 
can be assigned to their profiles. Nonlocal, integrated, expressions can be gauge 
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invariant, (for example, the action (51) is gauge invariant) but in the ordinary 
Maxwell theory we deal with local quantities (like profiles of electromagnetic 
waves) and we would like to compare these classical local disturbances to corre- 
sponding quantities in the noncommutative theory. 

A way out of this difficulty is provided by Seiberg and Witten’s observation 
that the noncommuting gauge theory may be equivalently described by a com- 
muting gauge theory that is formulated in terms of ordinary (not star) products 
of a commuting vector potential together with an explicit dependence on 
which acts as a constant “background”. This equivalence is established by 
expressing the noncommuting vector potential A^, as a function of A^ and 
that solves the Seiberg- Witten equation [If] 

BA ^ ^ ^ 

= -\{Aa,dpA^A {a^ (3) (52) 

where the bracketed expression denotes the “star” anticommutator. Solutions of 
this equation are expressed in terms of and the “initial condition” 
the latter quantity being just the commuting A^. 

We work to lowest order in 0 and find 

K = A^~ (d^A^ + . (53) 

The noncommuting action, expressed in terms of the commuting quantities A^, 
Fi_tu = dj^Ai, — B^Ai_t, and now reads [12] 

/ = y . (54) 

This is gauge invariant in the conventional sense, and from the equations of 
motion that are implied by I we can determine the gauge-invariant electric (F® = 
F^°) and magnetic fields (B® = — e®^*i')fc). 

These fields satisfy the equations, which maintain a Maxwell form. 

1 d 

- — B + V X F = 0 
cdt 

V B =0 (55) 

1 d 

-—D-VxH=0 

c Bt 

V D =0 (56) 

The first set (55) reflects the gauge invariance of the system, namely, that E ant 
B are given in terms of potentials. The second set (56) is a consequence of the 
nonlinear dynamics implied by (54). The constitutive relations relating D and 
H to E and B follow from (54): 

D={l-e B)E + (6> • E)B + (F • B)9 

H = {l-d- B)B - (6> • F)F + 5(F^ - B^)d . 



(57) 

(58) 
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Note that parity is preserved - coordinate reflection leaves the constant vector 
0 unchanged, hence 0 ■ B transforms as a scalar held and 6 - E & pseudoscalar 
held. Similarly, {E ■ B)6 behaves as a vector held, while {E"^ — B^)6 as a pseu- 
dovector. 

We seek plane-wave solutions to (55)-(57) — functions of ujt-k-r — keeping 
terms to lowest order in 0. Such solutions indeed exist provided the dispersion 
relation, relating k and uj, takes the following form. In the absence of an external 
magnetic held the dispersion relation is conventional, uj = ck. However, plane 
wave solutions to our system of equations exist even in the presence of a constant 
background magnetic induction b. Then the dispersion relation is modified to 

UJ = ck{\ — Ot ■ bj’') (59) 

where 9t and bx are components transverse to k, the direction of propagation 
k ■ 6x = k ■ bx = 0 [6] . 

The result (59) puts into evidence an explicit violation of Lorentz invariance. 
Conservation of parity, which we remarked on previously, ensures that both 
polarizations travel at the same velocity, which generically differs from c by the 
factor (l — 9x-bx), and there is no Faraday rotation. Let us also observe that the 
effective Lagrange density in (54) possesses two interaction terms proportional 
to 9 , with definite numerical constants. Owing to the freedom of rescaling 9 , 
only their ratio is significant. It is straightforward to verify that if the ratio 
is different from what is written in (54), the two linear polarizations travel at 
different velocities. Thus the noncommutative theory is unique in affecting the 
two polarizations equally, at least to 0 { 9 ). 

The change in velocity for motion relative to an external magnetic induc- 
tion b allows searching for the effect with a Michelson-Morley experiment. In 
a conventional apparatus with two legs of length £i and £2 at right angles to 
each other, a light beam of wavelength A is split in two, and one ray travels 
along b (where there is no effect), while the other, perpendicular to b, feels the 
change of velocity and interferes with the the first. After rotating the apparatus 
by 90°, the interference pattern will shift by 2(£i + £2)9x ■ bx/^ fringes. Taking 
light in the visible range, A lO^^cm, a held strength b ^ 1 tesla, and using 
the current bound on <? < (lOTeV)^^ obtained in [13], one finds that a length 
^ 1+^2 > 10^® cm 1 parsec would be required for a shift of one fringe. Galactic 
magnetic fields are neither that strong nor coherent over such large distances, 
so another experimental setting needs to found to test for noncommutativity. 

Finally, what about Heisenberg’s intuition that noncommuting coordinates 
will ammeliorate divergences in relativistic held theory? It turns out that that 
is indeed true as far as ultraviolet divergences are concerned. However, novel 
infrared divergences appear, so the problem of divergences remains, albeit in 
another form. Indeed, these infrared effects associated with noncommutative 
coordinates provide another obstacle to physical applicatons of this idea. 
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Abstract. This is a concise overview of the construction of Yang-Mills theories with 
realistic gauge groups on noncommutative generalizations of space-time and of the 
construction of the noncommutative standard model. We discuss the relevant mathe- 
matical tools including tensor products, indicate some exciting physical consequences 
and conclude with a short-list of challenging open problems. 



1 Introduction 

Noncommutativity of position and momentum operators in quantum mechan- 
ics is the mathematical manifestation of Heisenberg’s uncertainty relations that 
state that we cannot localize a particle with arbitrary high precision and at the 
same time know its exact momentum. This idea can be extended to space-time 
itself by promoting coordinate functions to operators with non-trivial commuta- 
tion relations and corresponding uncertainty relations [1]. Such noncommutative 
space-time structures could play a role in a reformulation of Einstein’s theory 
of gravity that takes the microscopic structure of space-time into consideration. 
To probe space-time at very short distances we need high energy transfers, but 
we know that high energy densities also induce strong gravitational fields that 
distort space time. This leads to the picture of a foamy space-time structure 
with a fundamental limit to the precision with which we can localize space-time 
events. In this way the interplay of gravity and quantum physics can lead to a 
natural ultraviolet cut-off and there are in fact indications that quantum field 
theory on certain noncommutative space-time structures is less divergent. As we 
have argued, we have compelling reasons for drastic changes to the picture of a 
continuous, commutative description of space-time near the Planck scale. It is 
important to realize, however, that the noncommutativity scale is in principle 
independent of the Planck-scale. The appearance of noncommutative effects at 
energies as low as a few TeV is possible and experimentally not excluded.^ 

Our present goal is an effective formulation of particle physics on noncommu- 
tative space-time with realistic gauge group and with realistic particle content. 
We want to describe the scattering of particles taking effects due to space-time 
noncommutativity in the interaction region into account. We shall assume that 
space-time has an asymptotically commutative description. This is in accordance 

^ That is the limit from accelerator experiments [2, 3,4, 5]. Much higher limits exist for 
low-energy physics [6]; these should, however, be interpreted with care. See also [7]. 
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with the philosophy that the quantum structure of space-time is relevant only at 
very short distances; there may even be a phase transition. A future goal is the 
construction of models that take the d}mamics of noncommutative space-time 
structures into account and incorporate gravity - possibly within the framework 
of string/M-theory. 

1.1 Models of Noncommutative Space-Time 

The basic strategy of noncommutative geometry is to focus on the algebra of 
functions on a space-time manifold rather than on the set of points that it 
is made of. In the noncommutative realm this algebra is then replaced by an 
arbitrary associative algebra while the notion of “points” looses its meaning. 
Noncommutative geometry is therefore sometimes also called “point-less” ge- 
ometry. An impressive collection of mathematical tools has been developed to 
deal with noncommutative geometries [8,9]. For the purpose of this article, how- 
ever, it will often suffice to consider some of the following concrete examples of 
noncommutative space-time structures, see [10]. In the canonical structure the 
usual coordinate functions are promoted to operators with commutation 
relations 

[x^, x""] = [xf,r'"]=0. (1) 

We can take to be an antisymmetric matrix with real constant entries. 
Another interesting case is that of a Lie structures with commutation relations 
that close linearly in the x?. 



[x^, x''] = , (2) 

where the structure constants ^ satisfy the Jacobi identity. Such a non- 
commutative structure is important for fuzzy spheres [15] (where one considers 
representations of SU{2) up to a certain spin). It can also be used to define 
noncommutative versions of E". An interesting special case of the Lie struc- 
ture is [x^, x‘'] = — x'^x^) with a constant vector More complicated 

commutation relations are of course possible. An example are quantum space 
structures that can be written in terms of generators modulo relations that are 
typically quadratic in the generators. These quantum spaces are covariant under 
generalizations of the usual Lorentz and Poincare s}unmetries called quantum 
groups. An interesting aspect of quantum spaces is the existence of lattice-like 
space time-structures, see Fig. 1, that result when one considers Hilbert space 
representations of the deformed Heisenberg algebra over a quantum space [16]. 

1.2 Star Products 

The noncommutative algebras that we have just introduced and many other 
examples can be written as star products on the space of functions over a suitable 
manifold M [17]. The canonical structure (1) is, e.g., realized by the Moyal-Weyl 
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Fig. 1. Space-time lattice structure of quantum Minkowski space: Shown are eigenval- 
ues of r versus t in spacelike as well as forward and backward timelike regions [16]. 



star product 




where / and g are ordinary C°° functions on R" (flat space-time) and h is & 
formal deformation parameter.^ We And * x‘' — x‘' * = ih9^‘' for coordi- 

nate functions on R". More generally a local star product * is an associative 
C[[?i]]-bilinear product of functions on a suitable manifold M, written as a 
formal power series in bidifferential operators starting with the pointwise prod- 
uct of functions. The star product is a quantization of a given Poisson structure 
{f: ff} = 

[fU]=^M^^difdjg + 0(h^). (4) 

Two star products ★, are called equivalent if they are related by a formal linear 
differential operator V starting with the identity such that T>{f'k'g) = T>f*T>g. 
T> is formally invertible and associativity of follows from associativity of *. 

Star products provide a convenient language to formulate noncommutative 
held theory and the scattering of particles that enter from an asymptotically 
commutative region. The semi-classical Poisson limit and the classical “commu- 
tative” limit h ^ 0 are directly build into the definition of a star product. 

2 Gauge Theory On Noncommutative Space-Time 

The construction of a gauge theory on a given non-commutative space rests on 
few basic ideas: the concept of covariant coordinates and functions, the require- 
ment of locality and gauge equivalence and consistency conditions [10, 1 1, 12, 13, 14] 

^ In the following sections we will not write h explicitly. 
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2.1 Covariant Coordinates 

Let us consider an infinitesimal non-commutative local gauge transformation S 
of a fundamental matter field that carries a representation 

S]I/ = ip^(A)i^]I/. (5) 

In the non- Abelian case !?■ is a vector, p^r{A) is a matrix and ★ includes matrix 
multiplication. The product of a field and a coordinate, <1' * x^, yields a new 
field that transforms just like tk. The opposite product * tk, however, is not 
a covariant object because the gauge parameter does not commute with x^. 
In analogy to the covariant derivatives of ordinary gauge theory we thus need 
to introduce covariant coordinates [10] X^^ = x^^ where A^ is a non- 

commutative analog of the gauge potential with the following transformation 
property:^ 

SAi_, = di_,A + i[A* A/j], (6) 

More generally we also need covariant functions T>{f) [12], where / is an ordinary 
function (or a matrix- valued function) and T> is an invertible linear differential 
operator that transforms under gauge transformations: ST>{f) = i[A * T>{f)]. 
The product of a covariant coordinate or function and a field is a covariant 
object that transforms like ]!/. Noting that the covariantizing map T> defines an 
equivalent star product we see that the space of fields (sections) is naturally 
a left module and a right ★-module. Prom the covariant coordinates one can 
construct further covariant objects: The covariant derivative 

= di_,§ -ip^{A^)i<$, (7) 

is related to the covariant expression p,f{X^) ★ which is simply the 

difference between the left and right actions of x^ on i'. The corresponding 
non-commutative field strength 

FlJ.U = diJ,Ay - dyAiJ, - i[AiJ, * Ay], SFiJ,y = i[A * FiJ,y], (8) 

is related to the commutator of covariant coordinates X^^. (In the following we 
shall often omit the symbol p,jr, when its presence is obvious.) 

We can now write a noncommutative generalization of the Yang-Mills action: 

A = J d^x^Tr{F^yi.F^‘') + $i.tpF. (9) 

This action is invariant under noncommutative gauge transformations, because 
of the trace property of the integral with respect to the Moyal-Weyl star product. 
Applying the usual QFT techniques directly to this action we quickly run into 
several difficulties that include the following apparent problems: 

® Here and in the following we use to lower indices, yielding expressions that are 
more convenient to work with. We should note that this is in general only possible in 
the case of constant 0^'' . Otherwise one should work with A^, where -\-A^. 
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• The choice of gauge groups seems to be restricted to U (N) in the fundamen- 
tal representation. Related to this even for Abelian gauge theory charge can 
apparently only take on the discrete values Qje = —1, 0, +1. 

• It is not clear a priori how to write covariant Yukawa terms. 

• Tensor products do not appear to be well-defined. 

• The meaning of noncommutative “in” and “out” -states is opaque. 

2.2 Locality, Gauge Equivalence and Consistency Conditions 

So far it has not been important that the noncommutative structures that we 
considered can be realized as star products. We shall now introduce another 
important concept that will help us overcome the apparent problems mentioned 
at the end of the previous section. That concept is the principle of locality. 
A star product is a formal power series starting with the ordinary product plus 
higher order terms that are chosen so as to yield an associative product. The star 
product can be pictured as a tower build upon the leading Poisson tensor 
It is a natural to ask whether it is possible to express also the non-commutative 
fields A, !?■ and non-commutative gauge parameter A in a similar fashion as 
towers build upon the corresponding ordinary fields A, \!/ and ordinary gauge 
parameter A. This is indeed the case; the non-commutative fields and parameter 
can be expressed as local functions of their commutative counterparts 

AA-A\ = A^-\- ~^9^'^^Ap,d^A^-\- . , (10a) 

F[F,A\ = F+ + . . . , (10b) 

Aa[A] = a a -^9^'' {Ay ^ d^A} + . . . , (10c) 

where F^y = d^Ay — dyA^ — i[An,Ay] is the ordinary field strength. A local 
function of a field is a formal series that at each order in 9 depends on the field 
and a finite number of derivatives of the field. The expressions (lOa)-(lOc) have 
the remarkable property that ordinary gauge transformations 5aA^ = d^A + 
*[A, A^\ and 5a^ = iA-F induce noncommutative gauge transformations (5), (6) 
of A and F with parameter A: We have gauge equivalence conditions 

SaA^, [A] = 8^Aa [A] + * [Aa [A] t A^ [A] ] , (11a) 

5aF[F, A] = iAA[A] * F[F, A]. (11b) 

Here is an example how this works in the abelian case for a matter field tp'- 

5y{jj = iX'tp + l(9*AdjA)diA + l(?*%ydi(iAA) + . . . 

= + ^9‘^^ajdiX +...)* (A + ^9Fajdiip + . . .) 

= iX-^ ip . 
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The expressions (10a), (10c) for the noncommutative field strength and non- 
commutative gauge parameter in terms of their classical counterparts were in- 
troduced by Seiberg and Witten as field redefinitions in the context of string 
theory [18]; they are called Seiberg-Witten (SW) maps. 

Any pair of non-commutative gauge parameters ylo,[a], Af}{a\ has to satisfies 
the following consistency condition (cocycle condition) [13] 

[Aq,[A] * yi^[A]] + *do,yi^[A] — i5j3Aa[A\ = [A], (12) 

which follows from [do,, dy ]!?'[!?', A] = d_j[o,_^j !?'[!?', A]. The infinitesimal gauge 
transformations can be exponentiated to yield finite gauge transformations with 
“NC group elements” (^^[A] corresponding to g = exp(*A). Care has to be taken, 
however, because A = An [A] depends on the gauge potential: 

Gg[A]i.$ = exp(dn)!? = (l + *A+ ^(dnA) - ^A*A + . . (13) 

In terms of the Gg [A] the consistency condition becomes 

*^31 [^ 32 ] * *^32 [^] = *^ 3 i 32 ^32 = 9'2 ■ A ■ ig^dgg ^ . (14) 

This “NC group law” is the starting point for the construction of noncommu- 
tative vector bundles with nontrivial gauge fields [22]. The consistency condi- 
tion (12) is important for the practical calculation of SW maps, since it involves 
only the gauge parameter and because it reduces the task to a cohomological 
problem [13,19,20,21]. The gauge equivalence and consistency conditions do not 
uniquely determine SW maps. To first order in 9 we have the freedom of clas- 
sical field redefinitions and noncommutative gauge transformations. We have 
used that freedom to choose maps with Hermitean Ag, and A. The constants 
that parametrize the freedom in the SW map receive quantum corrections in 
noncommutative gauge theory [30]. The freedom in the Seiberg-Witten map is 
also important in the context of tensor products of fields and gauge groups. 

2.3 0-Expanded Noncommutative Yang-Mills Action 

Using the SW maps (10a) and (10b) to expand the fields A and S' in the action 
(9) yields an action that is written in ordinary fields. Expanding to first order 
in 0 and integrating by parts we find: 

S' = J d^x (^-^trFig * + ^FhiFigFkiF’^^ - ^FhiFikFjiF^'^ 

+ F(ip- m)F - ^F^FFijiip - m)F - FkiDjF 

with DiF = diF — iAiF and Fij = diAj — djAi — *[Aj, Aj\. This formulation of 
noncommutative gauge theory [10,11,12,13,23] has the following advantages: 
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• We can freely choose the gauge group, and its representations. 

• Related to this, there is no problem with charges. 

• Tensor products of fields and of gauge groups exist. 

• Nontrivial gauge fields (and vector bundles) are possible. 

We shall now discuss some of these points in more detail. 



3 Enveloping Algebra Valued Gauge Fields 



With the SW maps we can freely choose a structure group G (gauge group). The 
fields A, F and the gauge parameter A are valued in the Lie algebra of G while 
their noncommutative counterparts A, F, A are valued in the enveloping algebra 
of the Lie algebra, i.e., they contain polynomials in the Lie algebra generators 

i = A(x)T“ + AUx) : : +Al,,{x) : :+..., (15) 



where : : denotes symmetric ordering [11]. This is a general feature of space-time 
noncommutativity as can be seen by considering the commutator of two Lie 
algebra- valued noncommutative gauge parameters: 



[A*A’] = -{A,{x) 



A,{x)}[r^,T^] + 



2K(^) 



-A’,{x)]{T^/r^}. (16) 



It is enveloping algebra valued, because the coefficient of {T“,T^} is in general 
non- zero since the functions Aa(x), A'f,(x) do not commute. 

We can of course consider a matrix representation of the Lie algebra; then A, 
F and A will also be matrix- valued. For U (N) in the fundamental representation 
this solves the problem, but, e.g., for SU{N) A, F and A are traceless but A, 
F, A are not, see [10]. The noncommutative fields nevertheless have the correct 
number of degrees of freedom since they are functions of the classical fields via 
the SW map. That is one of the important reasons for the use of the SW map 
in the formulation of noncommutative gauge theory. See [24] for a recent careful 
study of <?-expanded perturbation theory for subgroups of U{N). 



3.1 Charge Quantization Problem and Its Resolution 

In noncommutative QED one faces the problem that the theory can apparently 
accommodate only charges ±q or zero for one fixed q [25]. That is so because 
the only couplings of the non-commutative gauge boson A^ to a matter field F 
compatible with the non-commutative gauge transformation (6) are 

AiF*A^, -i[A^fF], and -iA^i^F. (17) 

For the Standard Model on NC space-time this would be a major problem be- 
cause of the existence of fractional charges and hypercharges, see Table 1. 

The problem can be traced back to the fact that the gauge fields are envelop- 
ing algebra valued. The charge quantization problem should really be seen as a 
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Table 1. Charges of the Standard Model fields 



SU(3)c SU{2 )l U{1)y 



&R 1 




Ur 3 

d,R 3 




1 -1 

2 - 1/2 

1 2/3 

1 -1/3 

2 1/6 

2 1/2 






-1 




problem with the degrees of freedom (more precisely the number of fundamental 
fields). In the 0-expanded approach based on Seiberg- Witten maps the funda- 
mental field enters as = eQa^i^x), where e is the coupling constant and 

Q is the charge operator. The resulting is a highly nonlinear function of Q, 
so that for differently charged particles we will also get different noncommuta- 
tive gauge fields Aj^ = eqa'^(x). The important point is that these fields are not 
independent. They are all functions of the physical field a,fj_(x) and consequently 
there is no restriction on the allowed charges in 0-expanded NC QED [14,26]. 



4 Tensor Products 



The gauge parameter for a product G xG' of two groups is 4 = A + A/ where A 
and A' are valued in the respective Lie algebras of the groups G and G' . Similarly 
the gauge potential is A^ = a^-\- a'^. The noncommutative gauge parameter A 
depends on A, A/ a, a' and can also be written as the sum of two terms: 

A(a,a')[«w1 = Aa [a, a'] + a/, [a, a'] . (18) 

The consistency relation (12) for A(a,ao[o, implies a total of three relations 
for Aa [a, a'] and A/, [a, a'] : K\ [a, a'] and A/, [a, a'] satisfy CR’s separately 



[Aq/ / A^] T iS^Ao! A[o,^y], 

[Aq,/ t A^'] + iSaiAp, — iSpiA^, = 
and there is a new mixed consistency relation 

[Aq/ / A^/] T iSfy A^r iS^^Aty 0. 



(19a) 

(19b) 



( 20 ) 



Note that there is no inhomogeneous term on the RHS because [a, (3'\ = 0. 
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It is not hard to find solutions to these equations [27] . A particularly simple 
symmetric solution is obtained by plugging A = A+ A' and into 

the formula for the SW map (10c): 

= Ax+y[a,^ + ( 21 ) 



A completely assymetric solution is found by setting A„ = 0. This implies 
= *[A„ * A[j,], i.e., A.'^, is a covariant function. 



AA[a, a'] = Ax[a], A'x,[a,a'] =V[a]{A'x,[a']). 



( 22 ) 



Here !?[„] is a differential operator that is a local function of a and 0 Finally, 
there is an interpolating solution with real parameter k. To order 0: 



AA[a, a'] = A+^|d,,iA, 



la^ ( 






+ {l—k)aj^. 
(23) 

Similar expressions exist for the noncommutative gauge potential A^ [a, a'] . 



4.1 Hybrid Seiberg- Witten Map 

For the product of fields -0 where V' transforms under G and il^' transforms 
under G' we could try to construct a SW map ^^["0, a, a'] directly.*^ It is, how- 
ever, more convenient to follow a different strategy. For this we need a hybrid SW 
map [14,26] that interpolates between the SW map for the gauge field (10a) and 
the SW map for the matter field (10b): Consider a field that transforms on the 
left and on the right under two arbitrary gauge groups G^ and Gr, respectively: 
(5^ = iA • <P — i<P • A', where A is valued in (a representation of) Lie(G'i) and 
A is valued in (a representation of) Lie)!?/?.). We shall also assume that there 
are gauge fields A and A' corresponding to the respective gauge groups, that 
transform as 8A^j = d^A + *[A, A(,] and 5A'^ = d^A' + i[A', A(,]. The following 
hybrid Seiberg-Witten map (given to order 0) 

(24) 

has the property that the transformations of <P, A and A' that were given above 

r 

induce the following transformation of fp : 

5<P =iAi^<P - i(p *Ah (25) 

Here A = Ayi[A] and A' = A(|, [A'] according to the usual SW map (10c). There 
is also a corresponding formula for the covariant derivative of S<P : 

- 'iA^ * r + *r * a;. ( 26 ) 

^ The naive choice tp ir tp' does of course not work, because the gauge parameter A' 
does not A-commute with ip in the second term of Sip 'kip' = i\ kip kip' -\-iip k \' kip' . 
® A similar formula with a + sign in front of the second term would require the use of 
the opposite SW map (with 9^—9) for A . 
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The SW map for the product of fields tp and il^' can now be written as 

,a,al] = Ip [pj,a-\- a' ip'[p>Pa'\. (27) 

The gauge transformation Sip = iXtp, Sip' = iX'tpP Sa^ = d^XX- t[A, a^i], Sa/^ = 
d^X' + i[XP a'^ now induces the desired transformation 

5'^[p}, Ip' , a, a'] = *yl(A+Ao[® + (28) 

where we have used that tp and A' commute. We see that the given version of the 
hybrid SW map corresponds to the s}unmetric solution for the gauge parameter. 



5 Noncommutative Standard Model 



The structure group of the Standard Model is Gsm = SU {3)cxSU {2 )lxU{1)y- 
The gauge potential and gauge parameter A are valued in Lie(G'sjvi): 

3 8 

dj, =g'A„{x)Y + g'^B„a{x)Tl + gs'^G„b{x)Tg (29a) 

a=l b=l 

3 8 

A = g'a{x)Y + g'^a^{x)Tl + gs'^a‘^{x)T^,, (29b) 

a=l 6=1 



where Y, T^, Tg are the generators of m(1)v, su(2)g and sm(3)c respectively. 
In addition to the gauge bosons we have three families of left- and right-handed 
fermions and a Higgs doublet 




(30) 



where i = 1,2,3 is the generation index and <))+, pP are complex scalar fields. 
We shall now apply the appropriate SW maps to the fields A^, expand 

to first order in 0 and write the corresponding NC Yang-Mills action [26]. We 
should note that this corresponds to the symmetric solution (21) for the tensor 
products. Special care must be taken in the definition of the trace in the gauge 
kinetic terms and in the construction of covariant Yukawa terms. 



5.1 Noncommutative Yukawa Terms 

The classical Higgs field <P{x) commutes with the generators of the (7(1) and 
SU (3) gauge transformations. It also commutes with the corresponding gauge 
parameters. The latter is no longer true in the noncommutative setting: The 
coefficients a(x) and a^(x) of the (7(1) and SU(3) generators in the gauge 
parameter are functions and therefore do not iV-commute with the Higgs field. 
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This makes it hard to write down covariant Yukawa terms. The solution to the 
problem is the hybrid SW map (24). By choosing appropriate representations it 
allows us to assign separate left and right charges to the noncommutative Higgs 

. — H 

field <P that add up to its usual charge [26]. Here are two examples: 

* Pl{$) Ql * Pq(^) * Sr 

Y= 1/2 -1/2 + 1 -1 -1/6 1/6 + 1/3 -1/3 (31) 

' V " ' V ' 

1/2 1/2 

We see here two instances of a general rule: The gauge fields in the SW maps 
and in the covariant derivatives inherit their representation (charge for Y, trivial 
or fundamental representation for Tg) from the fermion fields to their 
left and to their right. 



5.2 The Minimal Noncommutative Standard Model 



The trace in the kinetic terms for the gauge bosons is not unique, it depends 
on the choice of representation. This would not matter if the gauge fields were 
Lie algebra valued, but in the noncommutative case they live in the enveloping 
algebra. The simplest choice is a sum of three traces over the H(l), SU{2), 
S'[/(3) sectors with Y = in the definition of tri and the fundamental 

representation for tr 2 and tra. This leads to the following gauge kinetic terms 



S/auge — 




d^x -Stt I d^x 
I d^xP%F^^^‘'+Sg^e^^‘''L'T I d^xd%d%F^P- 






(32) 



We note, that there are neither /// nor F^F^F^-teiins. Contrary to common 
believe triple photon couplings are not required in noncommutative gauge theo- 
ries! This model is minimal in the sense that it deviates as little as possible from 
the Standard Model on commutative space-time. The full action of the Minimal 
Noncommutative Standard Model is [26]: 



Sncsm = / d'^x'^Fg / d'^x'^Fg ipF^'^ 

i=i i=i 

- J d^x^^tr-iFg^ ★ F^'' - J d:^x^tTC2Fge ★ F^‘' 

- j + j ePx^po{Dg$p po{D^$) 

-p^Po{$S * Po{$) - Xpo{$y * Po{$) * Po{$)^ * Po{$)] 
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- fd^x I ^ 

+ (^uiiQh *Pq(^)) * (Pq(^)^ * Ql^)) 

*,i=i 

+ '^'^d(iQL * Pq('^))*^r +^R *{PQi^Z ( 33 ) 

*,i=i / 

where VK®^ , G'j' are Yukawa couplings, <P = ir 2 <P* and we have omitted the 
superscript ^ in the hybrid SW map of the Higgs. 

5.3 Non-minimal Versions of the NCSM 

We can use the freedom in the choice of traces in kinetic terms for the gauge 
fields to construct non-minimal versions of the NCSM. The general form of the 
gauge kinetic terms is [26] [Appendix C], [27] 

Agauge = — 2 J\ZxY.^,Tr[p(F^^)^p{Fn), ( 34 ) 

p 

where the sum is over all unitary irreducible inequivalent representations p of 
the gauge group G. The freedom in the kinetic terms is parametrized by real 
coefficients Kp that are subject to the constraints 

l=^«/H-(p(T/)p(T/)), (35) 

9i p ^ ^ 

where gi and Tf are the usual “commutative” coupling constants and generators 
of U (f)v, SU (2) R, SU (3)c, respectively. Both formulas can also be written more 
compactly as 

S-gauge = -l J pZx Tr-^Fp, * ^ = TV^T/T/, ( 36 ) 

where the trace Tr is again over all representations and G is an operator that 
commutes with all generators Tf and encodes the coupling constants. The pos- 
sibility of new parameters in gauge theories on noncommutative space-time is 
a consequence of the fact that the gauge fields are in general valued in the 
enveloping algebra of the gauge group. 

The expansion in 0 is at the same time an expansion in the momenta. The 0- 
expanded action can thus be interpreted as a low energy effective action. In such 
an effective low energy description it is natural to expect that all representations 
that appear in the commutative theory (matter multiplets and adjoint represen- 
tation) are important. We should therefore consider the non-minimal version 
of the NCSM with non-zero coefficients Kp at least for these representations. 
The number of new parameters in the non-minimal NCSM can be restricted by 
considering GUTs on noncommutative space-time [28,27]. 
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6 Noncommutative Physics 

A general feature of gauge theories on noncommutative space-time is the appear- 
ance of many new interactions including Standard Model- forbidden processes. 
The origin of these new interactions is two-fold: One source are the star products 
that let abelian gauge theory on NC space-time resemble Yang-Mills theory with 
the possibility of triple and quadruple gauge boson vertices. The other source 
are the gauge fields in the Seiberg-Witten maps for the gauge and matter fields. 
These can be pictured as a cloud of gauge bosons that dress the original ‘com- 
mutative’ fields and that have their origin in the interaction between gauge fields 
and the NC structure of space-time. One of the perhaps most striking effects and 
a possible signature of space-time noncommutativity is the spontaneous break- 
ing of continuous and discrete space-time symmetries: The actions that we have 
written are invariant under the usual space-time symmetries if we transform 9^^‘' 
as a tensor. If we however consider as a spectator or as the vacuum expec- 
tation of some background field, then we do find processes that violate certain 
space-time symmetries and the corresponding conservation laws. These typically 
include spin conservation, and CP; they can also include CPT, momentum and 
energy conservation. 

Let us conclude with a shortlist of challenging problems and interesting 
projects: It is important to get a better understanding of the quantization of 
field theories on noncommutative space-time. In the case of the lowest order 
noncommutative correction to ordinary field theories that we have discussed 
here, quantization is straightforward. Feynman rules can be obtained either in 
the canonical formalism or straight from the action in a path-integral approach. 
That is no longer true when one considers higher orders in 0 or even sums the 
whole series: There are subtle issues related to time-ordering that can lead to 
apparent violation of unitarity, if one naively uses Feynman rules that have 
been directly read off the Lagrangian density, see [29] . A more careful canonical 
approach does, however, lead to a well-defined theory. The issue of renormal- 
izahility of the t}q)e of noncommutative gauge theories that we have discussed 
here is still open. We should recall that the primary goal of the models that we 
have studied is to provide an effective description of particle physics on a given 
noncommutative space. We should not a priori expect nor require such a theory 
to be renormalizable. The full 0-expanded action does in fact contain infinitely 
many power-counting non-renormalizable terms. Nevertheless these theories do 
appear to be (almost) renormalizable in the following sense: Noncommutative 
and commutative gauge invariance alone do not uniquely single out a specific ac- 
tion. There is in fact quite some freedom which includes also the freedom in the 
choice of Seiberg-Witten map. In quantum theory the constants that parametrize 
the freedom become running coupling constants. This issue has been carefully 
studied in the case of noncommutative QED [30] and it has been found that at 
first order in 0 at the one-loop level the quantum action has to contain (only) 
one additional term [31]. It is important to find more interesting processes that 
could serve as experimental signatures of space-time noncommutativity in accel- 
erator physics, astrophysics and cosmology. Good candidates are processes that 
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appear to violate continuous and/or discrete space-time symmetries. An exam- 
ple is the Z ^ decay depicted in Fig. 2 that violates spin conservation [5]. 
See, e.g., [32,33] for other examples. In this context we would also like to refer 
to a recent review [7] of the phenomenology of noncommutative geometry with 
an extensive list of references that also includes other approaches [34] than the 
one presented here. On the theoretical side it would be interesting to study more 
complicated noncommutative structures as models of the microscopic structure 
of space-time including models where the noncommutative structures are dy- 
namical and possibly include gravity. Here we have the intriguing possibility of 
processes that appear to violate energy and/or momentum conservation because 
four-momentum can be transfered to the noncommutative space-time structure. 
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Abstract. A formalism is presented where gauge theories for nonabelian groups can 
be constructed on a noncommutative algebra. 



1 Introduction 

The idea of noncommutative coordinates ist not new. In a letter to Ehrenfest 
Heisenberg proposed an uncertainty relation for coordinates based on noncom- 
muting coordinates in the year 1930 [1]. At that time Heisenberg could not 
formulate this idea mathematically, but the idea was propagated and in 1943 
H.S. Snyder published a paper on “Quantized Space Time” [2]. Pauli in a let- 
ter to Bohr mentioned this work, calling it “mathematically ingeneous” but a 
“failure for reasons of physics” . 

Recently such ideas have been popular again, now based on more sophisti- 
cated mathematics. Starting from a gauge theory, the noncommutative structure 
of space time can be implemented and it leads to additional couplings of the 
gauge field. 

To have an example in mind we choose the coordinate for the algebra 

= ( 1 ) 

with constant 9^‘' , because this example has found most attention lately. This is 
called the canonical space time structure for coordinates and momenta. In this 
persentation I will always deal with this example as an algebra for coordinates. 

The parameter 9^‘' that parametrizes the noncommutativity will now enter 
the Lagrangian as a coupling constant. To first order in 9 the Lagrangian changes 
as follows: 



-hrr I F^Fo^^dx ( 2 ) 

^ -^Tr J F^Fo^^dx (3) 

+ ^r^Tr J Fo«AF°,F°^"dx (4) 

- \9->'T, I (5) 



J. Trampetic, J. Wess (Eds.): LNP 616, pp. 320—332, 2003. 
(c) Springer- Verlag Berlin Heidelberg 2003 
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is the usual field strength in a nonabelian gauge theory. We see that 
to first order triple vertices of the gauge field occur, giving rise to new phe- 
nomenological predictions. The trace in the enveloping algebra depends on the 
representation. This leads to an ambiguity in the interaction terms. We do not 
know for what type of interactions, if any, the model is renormalizable. Thus we 
do not have the notion of a “minimal coupling” . We consider the Lagrangians as 
effective Lagrangians, in this case all gauge invariant couplings are allowed and 
should be considered. 

For the coupling of the gague fileds to the matter fields we obtain 





(6) 




(7) 


- ^°Fo.xh'^Dp-m)<Z°dx 


(8) 


- ^0<^^ I F°-/^^F°^Dx>F°dx 


(9) 



Again new couplings of the gauge field to the matter fields occur. 

This formalism can be applied to the standard model with the gauge group 
SU{2.) X SU{2) X U{1). 

The particle content is the same as in the ordinary standard model. For 0 = 0 
the usual standard model is reproduced. 

In general the new interactions will contribute to interactions already present 
in the usual standard model. Due to the tensorial character of the “coupling 
constant” 0^^‘' Lorentz invariance will be violated for the new interactions. This 
makes these contributions different from the usual ones and it leads to signatures 
by which these interactions can be identified. The most interesting case is when 
the new terms lead to a process that is not allowed in a usual local and Lorentz 
invariant quantum field theory. An example is the ^ 77 decay. Forbidden in 
conventional QFT, it can be obtained to first order in 0: 



Lzo 



I sin 20 w - 2 g^)K '2 



OPr 



2Z^- {2A^pA 



Api/Ap^^ 



( 10 ) 



where the constants «i, «2 are defined in reference [14]. The discovery of this 
process would pose a problem to usual gauge theories. The same would be true 
for processes of the type 



T — ^ 77, B— ^iF + 7, iF — ^ 7T7 (11) 

as well as a violation of the CPT theorem. 

It is already interesting to see that there is a possible deformation of the 
usual theories where all these forbidden processes would not cause a problem. 
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Thus if CPT violation were discovered we still could be very close to our usual 
QFT. 

To produce this new class of deformed QFTs a few new ideas have to be 
incorporated. 

1. Noncommutative coordinates have to be accepted. The canonical case is 
the simplest example. A possible scenario would start from an x-dependent 0^'^ . 
Mathematically we are only able to deal with examples where is linear or 
quadratic. 

2. A star product as it is known in the deformation quantization can be used 
to realize the algebra. In this formalism the objects of the algebra are functions 
of commuting variables, the noncommutativity is present in the noncommutative 
star product. For the canonical case this is 






ayH- 






From this star product follows immediately 



( 12 ) 



[x^^ * x^] = x^^ * (13) 

The star product originally defined for polynomials, extended to formal power 
series, has been extended to functions. These functions are the objects in physics, 
they are identified with fields. 

3. Enveloping algebra valued gauge transformations have to be used. A gauge 
theory is based on a Lie algebra: 

[L\U] = ^fl^'L’‘ (14) 

For the gauge transformation of fields the star product has to be used as well, 
or, which is the same, the gauge parameters depend on the noncommutative 
variables: 

(5iF = *A(x) * iF (15) 

The commutator of two such transformations will only close if A is enveloping 
algebra valued 

A(x) = af\x)U + ag^(x) :L*Lh + . . . + • • • L*-: (16) 

The two dots indicate that a basis in the algebra is used. Completely sym- 
metrical polynomials form such a basis. 

For commuting variables Lie algebra valued transformations close, it is con- 
sistent to put a" for n, 1. The transformation depends on L parameters 
a'^{x) . . . a'j^(x). The enveloping algebra valued transformations seem to depend 
on an infinite set of parameters. It is, however, possible to express these param- 
eters in terms of the parameters a^(x) and the usual Lie algebra valued gauge 
field Afj,(x) = A(j(x)T® with the transformation properties 

SA^ = + i\a \ An\ 



(17) 

(18) 
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This is part of the Seiberg-Witten map. We now call a transformation that 
uses these a^^'> 

5ofi\I/ = a{x) -k]!/ (19) 

If we apply a second transformation we have to transform A^, as well. It is 
now possible to find expressions in terms of and their derivatives 

such that 

( 20 ) 

This equation determines to a large extent. The problem is formulated 
in power series expansion in 0. To first order in 0 we find 

Q. = o.o + ]^e^'' \dij,o°{x)A„{x)-. + . . . ( 21 ) 

4. Seiberg-Witten map. This is the most important new idea. One part is 
contained in the construction of the transformation parameter a, but it is also 
possible to express the new gauge field and the matter fileds that transform as 
follows: 



d# =ia~k'P (22) 

5A^^ = -i[x^^ * a] +i[a* >] (23) 

in terms of fields that transform as usual 

(5'f' = (24) 

5A^ = dfj,ao + i[ao, A^\ (25) 

The new gauge potential is enveloping algebra valued. 

^ =!f +... (26) 

{Ap{dpA^ A Fpp)} + . . . (27) 



This opens the way to construct gauge field theories with the star product 
without changing the particle content. 

5. Covariant coordinates . The transformation law of A allows the construc- 
tion of covariant coordinates. Due to the noncommutativity coordinates will not 
commute with the gauge transformation, a situation similar to derivatives in a 
usual gauge theory. Taking the idea from covariant derivatives one can try the 
following Ansatz 

+ > (28) 

SagX^ k>P = iak k<P (29) 

This defines the transformation law for A^. 

A field strength can be introduced in complete analogy: 



X^^X‘' _ X‘'X^^ = i0k>' 



(30) 
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the field strength transforms tensorially 

=[a*F^^^] (31) 

and can be used to construct invariant Lagrangians. This leads to the theories 
discussed at the beginning. 

Let me now go into more detail. 



2 The Algebra 



Let me first exhibit the algebraic structure of ]R" and then generalise to noncom- 
mutative coordinates. The coordinates . . . x" € R" are considered as elements 
of an associative algebra over C. The algebra, freely generated by these elements, 
will be denoted by C [[x^, . . . , x"]] . The two brackets indicate that formal power 
series are allowed in the algebra. 

The elements of this algebra are then subject to relations that make them 
commutative: 

7^ : x*x^' - = 0. (32) 

These relations generate a two-sided ideal Ir; it consists of all the elements 
of the algebra C [[x^, . . . , x"]] that can be obtained from the relation (32) by 
multiplying (32) from the left and the right by all possible products of the 
coordinates. We factor out this ideal and obtain the desired algebra: 






Ik 



(33) 



The elements of this algebra are the polynomials and the formal power series 
in the commuting variables x^, . . . , x" G R. 



/(x\...,x”) G A, (34) 

oo 

f(x\ ... ,X-) = fr....rJx^P ..... (x^Yk 

Ti = 0 



Multiplication in this algebra is the pointwise multiplication of these functions. 

This algebraic concept can be easily generalized to noncommutative coordi- 
nates. We consider algebras, freely generated by elements x^, . . .x", again we 
call these elements coordinates, but now they are supposed to satisfy relations 
that make them noncommutative: 






[x®, x^] = (x). 



(35) 



Following L. Landau, noncommutativity carries a hat. Again the relations 
(35) generate an ideal and we define our algebra A* as follows: 



Ar — 



C[[:r 






f ^ 



( 36 ) 
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We impose one more condition on the algebra. The vectorspace of the homo- 
geneous polynomials of degree m, V™ should have the same dimension as V™. 
Algebras of this type are said to have the Poincare-Birkhoff-Witt property. In 
the following we shall consider such algebras only. 

3 The ★ Product 

The vectorspaces V™ and V™ are finite-dimensional, thus they are isomorphic. 
To establish an isomorphism we map a given basis of one space into a given 
basis of the other space. This then defines a vectorspace isomorphism between 
the vectorspaces and V^. 

We now change the algebra Ax to extend the above vector space isomorphism 
to an algebra isomorphism. For this purpose we have to change the multiplication 
law in Ax- When we multiply two elements in Ax we can compute from the 
multiplication law in ^ the coefficient function of the product in a given basis. 
We define the product in the vectorspace Vx to be the element with the same 
coefficient function as it was calculated in Aa- This multiplication rule we call * 
(star) product and this defines the algebra -^Ax- The algebras Ax and -kAx are 
isomorphic. 

It is natural to use the elements of -kAx as objects in physics. The pointwise 
product has to be replaced by the k product. In all the cases of interest the k 
product can be expressed with the help of a differential operator. This makes it 
possible to extend the k product to functions without referring to power series 
expansion. Thus we treat the elements Ax like ordinary fields but replace the 
pointwise product by the ★ product. This would be the starting point of de- 
formation quantization. As we have based the concept on associative algebras, 
associativity of the * product is guaranteed. 

4 Gauge Theory 

In this context it is possible to formulate a gauge theory [4,5,6]. We start from 
a Lie algebra: 

= (37) 

In a usual gauge theory on commutative spaces the fields will span a rep- 
resentation of this Lie algebra and they will transform under the usual gauge 
transformation with Lie algebra valued parameters: 

ScfOtpix) = ia^{x)ip{x). (38) 

((5„o(f^o - dyo(f„o)V> = -(/?°a° - a°/3°)V’ 

= t(Q;° X /3°)V> = (39) 

X 



The commutator of two such transformations remains Lie algebra valued. 
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For a theory on non-commutative spaces we start with fields that are elements 
of -kAx- Gauge transformations have to be defined with the * product: 

5aip{x) = ia{x) k tpix) (40) 

The star product of functions is not commutative. The commutator of two 
Lie algebra valued transformations does not reproduce a Lie algebra valued pa- 
rameter. Thus we shall assume that the infinitesimal transformation parameters 
are enveloping algebra valued [3]: 

a.{x) = : + . . Jx) : • . . . • + • • • (41) 

We have adopted the :: notation for a basis in the enveloping algebra of the Lie 
algebra. Completely symmetrized products could serve as a basis: 



. rjiarj^b . 



T 

1 

2 



(r“T'’ + r'’T“) etc. 



(42) 



The commutator of two transformations is certainly enveloping algebra val- 
ued. 

{5a5p -djjSaYl) = [o. * p\kll). (43) 

The disadvantage of this approach is that infinitely many parameters a"{x) 
have to be introduced. 

It is a surprise that it is possible to define gauge transformations where all 
the parameters o;"(x) depend on the finite set of parameters a'^(x) (Lie algebra 
valued) and in addition on the gauge potential a(x) of a usual gauge theory 
and on their derivatives. The gauge potential a(x) has the usual transformation 
properties: 

(5aj = + i[a^, a^], (44) 

Sa,i^a = diO^ - 



We will call the new type of transformation parameters A„o{x). The new 
transformations are supposed to close under a commutator into a transformation 
characterized by (a® x /3°): 



SaOtp{x) = iAaO(x){x)ktp{x), 

{SaoS /30 - Si3oSao)lp = (45) 

(a° X 

These equations define A^o{x). We shall see that all a„(x) in (41) can be 
defined in terms of a'^(x) and the gauge potential a(x). The transformation 
property (45) then holds as a consequence of (44). The solution of this problem, 
however, is not unique, this will be seen in the following. 

As a consequence of the a dependence of yl° we have to transform under 
the second variation in the commutator. This changes equation (43) and this is 
the reason why the new approach works. 
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5 Constant 9 



To illustrate this approach we restrict it to the algebra where 9^^'' is a constant. In 
this case we obtain in a fully symmetrized basis the following * product [11,12]: 



(/*ff)(a;) = f{x)g{y) 



V^x 



1 ^ 9 

d"(x — y)e^ axi f{x)g{y). 



(46) 



We expand in 9. 

+ (47) 

The -k product has to be expanded as well. Finally we expand the defining equa- 
tion for A^o 

{ScfiSpo — 5f}o5^o)ip = i{5^oAf}o — SpoA^o) kip + [A^o p * ip, (48) 

= = *c1q,0x/J0 * 'p 

The zeroeth order in the expansion of (48) defines as Lie algebra valued. 

In first order we obtain 

- SgoAio^,^) - i{W\A],oJ - (49) 

- ^?°,2li„_,^.])) + := 

A closer look shows that this is an inhomogeneous linear equation for A^. The 
inhomogeneous term is known, it contains and pi^ only. A particular solution 
of (49) is: 



= \9^^ (d,a°)a,-,5 : : • (50) 

Any solution of the homogeneous part of (49) can be added to (50). 

We can proceed order by order in <?, the structure of the equations will always 
be the same. It will be an inhomogeneous linear equation, the homogeneous 
remains the same, the inhomogeneous part will contain known quantities only. 
This way we obtain Aq,o in a expansion. 

A„o = 5 : : + . . . (51) 

Such a construction of the transformation parameter first occured in the 
context of the Seiberg-Witten map [7,19,16]. 

6 Covariant Coordinates 

In a usual gauge theory we would procede with the definition of covariant deriva- 
tives. Derivatives, however, are not a natural concept for algebras. It is more nat- 
ural to introduce covariant coordinates. Based on such a concept gauge theories 
can be developed as well. 
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It is obvious that coordinates do not commute with gauge transformations, it 
is also natural to introduce covariant coordinates in analogy to covariant deriva- 
tives: 



= x^ +A\x), (52) 

Sq^oX^ -k 'ip = k X^ k 'ip. 

This leads to the following transformation law for the gauge potential: 

5X' = —i\x^ * t1o,o] + i[Ao.o * A^]. (53) 

To satisfy such a transformation law we have again to assume that A[x) is 
enveloping algebra valued. In general, this would imply infinitely many gauge 
fields. For the restricted gauge transformations A„o it is possible to construct a 
gauge potential that depends on the Lie algebra valued potential a(x) and its 
derivatives only. The transformation law (44) for a(x) will imply the transfor- 
mation law for A(x). This is the main achievement of the Seiberg- Witten map 
(53). 

The construction of gauge fields that transform to tensorial follows the usual 
concept as we know it from covariant derivatives. An obvious definition is 

X^X" - X^X^ - {X) = F^^'' (54) 

It is chosen in such a way that F^'' vanishes for a vanishing gauge potential A^. 
The tensorial transformation law of F^''' follows directly from (53): 

(55) 

It should be noted, however, that the trace in the representation space of 
the Lie algebra of a tensor is not an invariant because the star product is not 
commutative. 

7 The Integral 

An invariant action can be constructed only if the integral has its trace property: 

J f*9 = J 9* f- (56) 

Integration is not a natural concept in an algebra. It is supposed to be a 
linear map from Aa into C. 



As; C, 



(57) 



(ci/ + C2g) = Cl f + C2 / 9 



In addition the trace property is required: 



(58) 



This is equivalent to (56). 
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8 Gauge Theory for Constant 9 



For constant 9 the usual integral in x-space will have the trace property. This 
can be shown by a direct calculation. 

Let us have a look at this formalism for constant 9^'^\ 

The Seiberg-Witten map: 



A\x) = e^^Vj 






y,-(x) = a,- - -e^'^ai^a{dn0.j^h + 

-^nj,b fb ^n,c^j,d- 

The field strength: 

b'ij = ~ V ®ga 5 + 0'n,cd'ij,dfid)) '■ T°'l* \ + 



(59) 



The Lagrangian: 



The invariant action: 



L= -TrF),*^®^ 
4 ^ 



W = - TtFij * 



(60) 

(61) 

(62) 



- / 



New coupling terms arise, appears as a coupling constant, it is a Lorentz 
tensor and the interaction term breaks Lorentz invariance. This was to be ex- 
pected because the defining relation (32) already breaks Lorentz invariance. 

These new terms in the Lagrangian will give rise to new interactions. Due to 
the breaking of Lorentz invariance interaction terms will occur that are forbidden 
in a Lorentz invariant theory. A good example is the ^ 77 decay. From (62) 
we find the following interaction terms that contribute to this decay if the gauge 
theory is based on the standard model. 

= I sin 29w + {g'^ - 2g^)K2) i?"' (63) 

X (2{-diZk + dkZi)djA,XdA^ - d^AX 



+ + dj-AidiAj — 2di^AidjAi){—d'^Z^ + Z^ 

+ {—2dkZidiAj + 2djZidj~Ai + 2diZjdkAi + dkZidiAj){d^ A^ — A!") 



This expression is gauge invariant under the usual Lie algebra valued gauge 
transformation. It contributes to the branching ratio of the Z^ decay. 

We still have to learn how the gauge potential couples to the matter fields. 
This will be done via covariant derivatives. 



Vii^X = {di- iVi) * V’, 

5fyP X '0 = iAfyP ~k X X • 



( 64 ) 
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9 Derivatives 

First we have to define derivatives. In general, the star product will depend on 
the coordinates, when we differentiate it the coordinate dependence of the * 
product will contribute as well. Nevertheless, we demand a Leibniz rule of the 
type 

di_,*{f*g) = {d^f)*g + 0‘'^{f)i<d^g. (65) 

Prom the associativity of the * product follows that has to be an algebra 

homomorphism. 

It is easier to define derivatives for Aa- A general procedure was outlined in 
[13]. We first extend the algebra by algebraic elements d and consider the algebra 

C [x^, . . . , x", . . . , . . . , 5"] . This algebra has to be divided by the ideal 

as before. Then we have to construct a derivative, based on a Leibniz rule that is 
a map in C [x^, . . . , x", . . . , 5^, . . . , 5"] This leads to consistency relations 

for the Leibniz rule The Leibniz rule can now be interpreted as a relation and 
the respective ideals can be constructed and factored out. Finally this has to 
be supplemented by d, d relations. We treat these relations as usual and after 
dividing by the respective ideal we arrive at an algebra that we call A- q . 

In more detail the generalized Leibniz rule is supposed to have the form: 

diifg) = {dif)g + 0\{f)dig. (66) 

Prom the law of associativity in Aa follows that the map 0 has to be an 
algebra homomorphism 

OUfg)=OUf)Olig). (67) 

If we define the Leibniz rule on the linear coordinates we can generalize it to 
all elements. 

In the *Ax version of the algebra the Leibniz rule takes the form of equation 
(69). This rule can be found as follows: d introduces a map on the basis of 

Ax, this map defines a map in *Ax- This map has finally to be expressed with 

ordinary x-derivatives. This then leads to (69). 

h'or constant where the * product does not depend on x the d* derivatives 
are just the ordinary x-derivatives. 

Covariant derivatives are then defined as usual: 

= {di- iVi) * Ip, ( 68 ) 

Sq, 0 ~k 'ip = iAo^ii ~k ~k 'ip . 

The vector potential has to be enveloping algebra valued. Again, it can be 
expressed in terms of by a Seiberg-Witten map. Therefore we expect that 
and Vji are related. 

For constant we find: 

A\x) = (69) 

Covariant derivatives exist for 6^'' = 0. Prom (69) follows that A^ vanishes in 
this case, coordinates are already covariant. 
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10 Gauge Couplings to Matter Fields 

The matter field tp that transforms like 

5g,oil){x) = * tl^ix) (70) 

can be expressed in terms of a field that transforms with a Lie algebra valued 
parameter and the Lie algebra valued vector potential a. The transformation 
property (70) will be a consequence of (38) and (44). 

For constant 0 we find: 

V- = V-” - + . . . (71) 

This now leads to the Lagrangian 

= I r - m) X - I (7^F^ - m) 

- I + • • • (72) 

The fields and transform like the usual gauge fields with a Lie 

algebra valued parameter. F^''^ is just the usual field strength of a gauge theory. 
Accordingly, is the usual covariant derivative with the field as a gauge 

potential. 

11 Conclusion 

Such a theory based on noncommutative coordinates should only be relevant for a 
region with very high energy density, thus for very short distances, i.e. well inside 
the confinement range. For larger distances we know that physics is described 
very well with commuting coordinates. 9^‘'{x) will be a complicated function, we 
treat this function in a power series expansion and start with constant This 
has a chance to be relevant for processes that take place at very short distances 
where the constant 9^‘' might be dominant. The higher order contribution on the 
expansion become relevant at distances where the process has already occured. 
Such a process will not be sensitive to the functional behaviour of 9^‘'{x) and 
the constant 9^‘' approximation might be a good approximation [15,14]. To find 
such a process demands physical intuition. 
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Abstract. We discuss the spectra of multi-flavor massless QCD 2 . An approximation 
in which the Hilbert space is truncated to two currents states is used. We write down 
a ’t Hooft like equation for the wave function of the two currents states. We solve this 
equation for the lowest massive state and find an excellent agreement with the DLCQ 
results. The issue of the non-hermiticity of the truncated Hamiltonian is also discussed. 
Talk based mainly on [1]. 



1 Introduction 

Two dimensional quantum chromodynamics (QCD 2 ) is a useful model for the 
real world QCD. The model at the large Nc limit was solved by ’t Hooft[2] 
showing confinement of quarks with an approximately linear Regge trajectory 
of states. Other issues, such as the baryonic spectrum at strong coupling[3] 
and questions of screening versus confinement [4,5] can also be addressed in this 
framework. 

The two-dimensional model with fermions in the adjoint representation is also 
interesting and attracted a lot of attention in recent years[4,5,6,7,8,9,10,ll,12,13,14]. 
In particular it was shown in [9] that the adjoint fermions model is equivalent 
to QCD 2 model with level Nf = Nc, for the massive part of the spectrum, in 
the case of massless fermions. Another attempt to address the adjoint fermions 
model, was by using the currents as building blocks of the spectrum [10]. 

The idea of the present work is to study the spectrum of QCD 2 at arbitrary 
level Nf using states built from two currents, for the case of massless fermions. 

Whereas the ’t Hooft model Nf = 1 is exactly solvable, the multi-flavor case 
Nf > 1 is not solvable model even in the Veneziano limit when both Nc and 
Nf are taken to infinity (with a fixed ratio), since pair creation and annihilation 
is not suppressed. In the present work, we use an approximation in which we 
restrict ourselves to two currents states. We cannot justify a-priori such an ap- 
proximation for arbitrary level. However the numerical solutions for the lowest 
massive state admit a very close resemblance to the DLCQ results where such 
a truncation was not used [12,13,14]. A justification can be given for ^ very 
small or very large. 
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The obtained equation suggests the following picture: the underlying degrees 



of freedom in the problem are interacting “gluons” with mass Actually, 

these are really quanta of the the color currents. As it is well known, there are 
no independent gluon degrees of freedom in two dimensions. 



2 Massless QCD 2 and Bosonization 

Massless multi-flavor QCD 2 with fermions in the fundamental representation of 
SU{Nc) is described by the action 



S-- 






( 1 ) 



where W = 4'^, i = 1 . . . N^, a= 1 . . . Nf. 

It is natural to bosonize this system, since bosonization in the SU{Nc) x 
SU{Nf) X Ub{1) scheme decouples color and flavor degrees of freedom (in the 
massless case). The bosonized form of the action of this theory is given by[15] 



Sbos 



zed 



( 2 ) 



NfSwzw{h)+N,Swzw{g) + J d^x j d^x tr 

f (fx tr dj^hA^ + ihd^h ^ + A^hA^h^ — A^A-) 

2tt J 

where h € SU (Nc), g € SU (Nf), <f> is the baryon number and Swzw stands for 
the Wess-Zumino- Witten action, which for complex fermions reads 

Swzwig) = ^ y 

j ti- (gr-ldjgr)(gr-ldjgr)(gr-ldfegr). 

Since we are interested in the massive spectrum of the theory and the flavor 
degrees of freedom are entirely decoupled from the system and they are massless, 
we can put aside the g and <f> fields (There is a residual interaction of the zero 
modes of the g, h and <f> fields, but it is not important to our discussion [9]). 

Upon choosing the light cone gauge = 0 and integrating A^ we arrive to 
the effective action 



Seff=NfSwzw{h)-\^e^j d^xii{^J+f, 



( 3 ) 



where J+ = . In terms of J = the light-cone momentum 

operators take the following simple form 



P+ = 



N, + Nf 






( 4 ) 
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namely the Sugawara form, and 

— —— j dx^ : = 0)-^ ,P {xP , xP = 0) : . (5) 

Our task will be to solve the eigenvalue equation 

2P+P- IQ) = m2 IQ). (6) 

We write P+ and P^ in terms of the Fourier transform of J{x^) defined by 
= f J(x^,x+ = 0). Normal ordering in the expression of P+ 

and P~ are naturally with respect top, where p < 0 denotes a creation operator. 
To simplify the notation we write from now on p instead of p+ . In terms of these 
variables the momenta generators are 

= TW— ^ / dpP{-p)P{p) (7) 

iVc + iV; Jo 

e2 r°° 1 

p- = - dp^r{-p)r{p) (8) 

7T Jo P 

Recall that the light-cone currents J°'{p) obey a level AQ, SU{Nc) affine Lie 
algebra 

[J“(p), J\p’)] = ^Nf p S^^S{p+p’) + + pO (9) 

We can now construct the Hilbert space. The vacuum |0, P) is defined by the 
annihilation property: 

Vp > 0, J(p) |0, P) = 0 (10) 

Where R is an “allowed” representations depending on the level. Therefore, a 
physical state in Hilbert space is |Q) = tr J(— pi) . . . J(— p„) |0, P). Note that 
this basis is not orthogonal. 

3 ’t Hooft-Like Equation 

for the Two Currents Wave-Function 

Let us restrict ourselves to the 2-currents sector of the Hilbert space 

l<^) = I" - 1) |0), (11) 

namely to states which are color singlets of two currents with total P+ = 1 mo- 
mentum and a distribution of P^ momentum P{k). Note that P is a symmetric 
function 

<P{k)=<P{l-k). (12) 

Our task now is to find the eigenvalue (Schrodinger) equation for the wave- 
function P(A:). Let us act with the “Hamiltonian” P^ on the state |P). 
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The commutator of P with a current J^{—k) yields the following result 

Jo P 

(i\Nf-N,)l+NAj\-k) + 



L 

L 



pZ 



(13) 



The above expression (13) contains 3 terms on the R.H.S. The first term 
contains a single creation operator. The second term contains an annihilation 
current and therefore should be commuted with J^(A: — 1). The third term con- 
tains two creation currents and it would lead to a 3-currents state. Thus, the 
affine Lie algebra created a higher state. This is a manifestation of the fact that 
pair creation is, generically, not suppressed in multi- flavor QCD 2 , as expected 
in general in QFT. 

Note that while deriving (13) we get an “infinite” contribution Nckj^{—k), 
where e represents a regularization away from p = 0 oi p = k integration. This 
contribution will be canceled by a counter contribution which comes from the 
regime p ^ k in the first integral on the R.H.S. of (13), as below. 

The commutator of the second term in the R.H.S of (13) with J^(fc — 1) yields 



- (^^) ^r^^J^{-p)np - k), Ak - 1 )] = ( 14 ) 

Nc dp ( j“(-p) j“(p - 1) - J“(p - k)r{k-p- 1)). 

Our results can be summarized by the following set of equations 



m2 \<P) 



NrN-, 



cJV/ Jo 



dk ^{k)r{-k)r{k - 1) |o) 



(15) 



{NrNf)-^ 



[ dk dp dl S{k+P + 1 - l)>I'{k,p,l)iA‘=J^{-k)j’^{-p)r{-l) |0) 

Jo 



with 



and 






P J 



(16) 



1 1 



2Nr 



^(^) = 7 1 U + Tvr j A ‘‘’’A? 



-N, 



' k+e [P 



P{p) 



■ ky 






{i-kf 



dp d>{p) 
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Ignoring the 3-currents term (see below), we get that <P{k) obeys the following 
eigenvalue equation 



<P{p) 



<P{k) 



-NJ> 



dp 



{p — ky 



(1 - kf 



dp <d>{p). 



(17) 



For general Nc and Nf discarding the 3-currents term is unjustified. However, 
since the length of d' is \d/{k,p,l)\r^ e^{NcNf)i, in the limit of large Nc with 
fixed e^Nc and fixed Nf, or large Nf with fixed e^Nf and fixed Nc, the 3- 
currents contribution is indeed negligible, as compared with the 2-currents term, 
the later being of order 1. Note also that while deriving (17) we assumed that 
fg dp <d>{p) = 0. We will justify this assumption in the following. Another remark 
is that the first integral in (17) should be calculated as a principal value integral. 
The divergent part of this integral (arising from the regime p ^ k) cancels the 
previously mentioned infinity. 

In order to make contact with the ordinary ’t Hooft equation, it is useful to 
integrate equation (17) with respect to k and rewrite the equation in terms of 
ip{k) = dp <k{p). 



= (N, - (i 




The derivation goes as follows. First, integrating (12) we get <p{k) = — y>(l 
const. Taking y>(l) = 0 we get 



(18) 
k) + 



p{k) = -p{l -k). (19) 

Now y>(l) = 0 implies dk<d>{k) = 0, which was our assumption above. Then, 
differentiating (18) we do get (17), and by (19) we also get that there is no extra 
integration constant. 

We would like to comment on the issue of the Hermiticity of the ‘Hamiltonian’ 
A|2. Naively, it seems that is not Hermitian with respect to the scalar product 
(Q|y>) = dky* {k)(p{k) , since the Hermitian conjugate of (18) is 

'*>»>(!>» '*>^(!>) ( 2 '» 

However, as we shall see in the next section, the numerical solution yields real 
eigenvalues and eigenfunctions, though (20) is non-Hermitian. Due to its non- 
Hermiticity we expect non-orthogonal solutions. Note that (20) is “more regular” 
than (18), as in (18) it is Lp{p)/p'^ that appears in the integration from zero. 
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Equation (18) is similar to ’t Hooft equation for a massive single flavor large 
Nc QCD 2 , with differs from ’t Hooft’s equation by having two 

additional terms (two last terms in (18)). It suggests that the dynamics which 
governs the lowest state of the multi-flavor model is given, approximately, by a 
model of massive “glueball” with an SU{Nc) gauge interaction and additional 
terms which are proportional to Nf. 

Before we present our solution of (18) it is important to note that it is 
only an approximated solution. We neglected the 3-currents state with, a-priori, 
no justification. We shall see, however, that the restriction to the truncated 
2-currents sector is an excellent approximation for the lowest massive meson. 



4 The Spectrum — Numerical Results 



The most convenient way to solve (18) is to expand <f{k) in the following basis 
(see, however [16], a different interesting choice of basis) 

cx:> - 

= ( 21 ) 

i=0 

The value of (3 chosen such that the Hamiltonian will not be singular near A; — ^ 0 
(or k — ^ 1)[2],[17]. This consideration leads to the following equation 

- 1 ) - + pT^cotpTi = 0 . ( 22 ) 

iVc p + 1 

This comes from (20). Had we started with (18), it would have been —f3 replacing 
(3 in (22), and constrained to (3 larger than 1. Upon truncating the infinite sum 
in (21) to a finite sum, the eigenvalue problem reduces to a diagonalization of a 
matrix. So, the problem can be reformulated as follows 



with 



and 



N. 



XNijAj — HijAj, 



dk{k — -)^ (A:(l — k)) 



2/3+*+J 



(23) 

(24) 



ffp = (^-l)/ dk{k-;^f{k{l-k)) 

"1 



2/3+i+j-l 



^ ^ d.k{k - \) {k{l - k)f^^ (p(l 



-AT dHk--)ik{l-k)f+^-— I (p-X)(p(l-p)) 



>0 

N- 

Jo 

■ / dkdp 

Jo 



1 



{k - k) {k{l - k)f+^ {p - k) (p(l -p)f+^ 



(1 - Jk 

2' 



13^3 



[k — py 



(25) 
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Hence 



and 



Ni 






B{2fJ+i + j + 2, 2/? + »+j + 2) 
2{2fJ + i+j + l) 



w N -^(2/? + » + j + 1, 2/? + 1 + j + 1) 

^ 2{2p + t+j) 

Nf B{2p+i + j + l,2p + i+j + l) 

Nc 2{2(3+t + j){f3 + j + l) 

{fj + i){fj + j)B{fJ + i, fJ + i)B{fJ + jJJ + j) 
8(2/3 + *+j)(2/3 + *+j + l) 



(26) 



(27) 



where B{x, y) is the Beta function 

B{x,y) 



r{x)r{y) 
r{x + y) 



(28) 



In practice, the process converges rapidly and a 5 x 5 matrix yields the ‘con- 
tinuum’ results. Working with higher dimensional matrices should, in principle, 
improve the accuracy of our results. Surprisingly, for large matrices, complex 
eigenvalues appear^. It can be interpreted in two possible ways: (i) either it 
is related to the non-hermiticity of the truncated Hamiltonian, or (ii) it is an 
artifact of Maple. The first possibility can be justified by the following exam- 
ple. Consider an Harmonic oscillator with a non-Hermitian perturbation ga^. 
For states |A;), with k < n, the perturbation is effective only when applied on 
the ‘kef and not on the ‘bra’, yielding different results and possibly also com- 
plex eigenvalues for A: > n,. It is very similar to the present case. On the other 
hand, the accuracy of our results suggest that the problems are an artifact of 
Maple, possibly also related to the bad behavior of the basis functions near the 
boundaries. We postpone this crucial issue for future work. 

The lowest eigenvalues of (18) as a function of the ratio ^ are listed in Table 
1 below (see also Fig. 1). Note that by /? = 0,Nf/Nc = 0 we mean the limit 
/3^0,Nf/Nc 0 . 

These values are in excellent agreement with recent DLCQ calculations. For 
comparison see [12], [13] and especially [14] for a recent work. The typical error 
is less than 0.1% ! 

An interesting observation is that the eigenvalues depends linearly on Nf 
(see Fig. 1). The dependence is 

= ^^(5.88 + 5^). (29) 

7T Ac 



We do not have a good understanding of this observation. It is not clear why the 
lowest eigenvalue sits on a straight line. It is not clear even why, as an eigenvalue 
equation (18) exhibits such a behavior. 

A detailed discussion of some special cases, such as the ’t Hooft model, adjoint 
QCD and the large Nf limit is given in [1]. 



1 



We thank Ariel Abrashkin for discussions on this issue. 
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^ l\J 

Table 1. The mass of the lowest massive meson, in units of ^ as a function of 
Nf/Nc and /?. 



/? 


Nf/Nc 




0.0000 


0 


5.88 


0.0573 


0.2 


6.91 


0.f088 


0.4 


7.91 


0.i552 


0.6 


8.91 


0.i978 


0.8 


9.89 


0.2366 


f.O 


10.86 


0.2725 


1.2 


11.83 


0.3050 


1.4 


12.77 


0.3360 


1.6 


13.73 


0.3645 


1.8 


14.67 
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Fig. 1. The mass of the lowest massive meson, in units of , as a function of Nf/Nc 
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Abstract. We discuss implications of the recent measurements of the non-Abelian 
action density associated with the monopoles condensed in the confining phase of gluo- 
dynamics. The radius of the monopole determined in terms of the action was found to 
be small numerically. As far as the condensation of the monopoles is described in terms 
of a scalar field, a fine tuning is then implied. In other words, a hierarchy exists between 
the self energy of the monopole and the temperature of the confinement-deconfinement 
phase transition. The ratio of the two scales is no less than a factor of fO. Moreover, 
we argue that the hierarchy scale can well eventually extend to a few hundred GeV on 
the ultraviolet side. The corresponding phenomenology is discussed, mostly within the 
polymer picture of the monopole condensation. 



1 Introduction 

The monopole condensation is one of the most favored mechanisms [1] of the 
confinement, for review see, e.g., [2]. In the field theoretical language, one usually 
thinks in terms of a Higgs- type model: 

Seff = + ( 1 ) 

where </> is a scalar field with a non- zero magnetic charge, is the field strength 
tensor constructed on the dual-gluon field is the covariant derivative with 

respect to the dual gluon. Finally, V(|</>p) is the potential energy ensuring that 
{(f>) 0 in the vacuum. Relation of the “effective” fields <f>, to the fundamental 

QCD fields is one of the basic problems of the approach considered but here we 
would simply refer the reader to [3] for further discussion of this problem. At 
this moment, it suffices to say that the “dual-superconductor” mechanism of 
confinement assumes formation of an Abrikosov-type tube between the heavy 
quarks introduced into the vacuum via the Wilson loop while the tube itself 
is a classical solution of the equations of motion corresponding to the effective 
Lagrangian (1). 

By introducing scalar fields, one opens a door to the standard questions on 
the consistency, on the quantum level, of a theory. Here, we mean primarily 
the problem of the quadratic divergence in the scalar mass. At first sight, these 
problems are not serious in our case since (1) apparently represents an effective 
theory presumably valid for a limited range of mass scales. 

However, if we ask ourselves, what are the actual limitations on the use of 
the effective theory (1) we should admit that there is no way at the moment to 
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answer this question on pure theoretical grounds and we should turn instead to 
the experimental data, that is lattice measurements. This lack of understanding 
concerns first of all the nature of the non-perturbative field configurations that 
are defined as monopoles. First, it is not clear apriori which U{1) subgroup of 
the SU (2) ^ is to be picked up for the classification of the monopoles. Even if we 
make this choice on pure pragmatic basis and concentrate on the most successful 
scheme of the monopoles in the maximal Abelian projection [2] we still get very 
little understanding of the field configurations underlying the objects defined as 
monopoles in this projection, for discussion see, e.g., [4]. In particular, nothing 
can be said on the size of the monopole which presumably limits application of 
(1) on the ultraviolet side. 

Direct measurements of the monopole size were reported recently [5] and 
brought an unexpectedly small value of the monopole radius: 

^mon - 0.06 fm, (2) 

where the monopole radius is defined here in terms of the full non- Abelian action 
associated with the monopole and not in terms of the projected action. If we 
compare the radius (2) with the temperature of the confinement-deconfinement 
transition: 

Tdeconf ~ 300 MeV (3) 

then we would come to the conclusion that there are different mass scales co- 
existing within the effective scalar-field theory (1). And the question, how this 
mass hierarchy is maintained is becoming legitimate. 

Although comparison of (2) and (3) is instructive by itself, we will argue 
that the actual hierarchy mass scale can be much higher on the ultraviolet side. 
Namely, we will emphasize later that even at the size (2) the monopoles are very 
“hot”, i.e. have action comparable to the action of the zero-point fluctuations. For 
physical interpretation, it is natural to understand by the radius such distances 
where the non-perturbative fields die away on the scale of pure perturbative 
fluctuations. And this radius is to be considerably smaller than (2). 

Also, estimate (2) means that the asymptotic freedom is not yet reached at 
quite small distances and the question arises as to how reconcile this observation 
with such phenomena as the precocious scaling. 

We cannot claim at all understanding answers to these questions but feel that 
it is important to start discussing them. Our approach is mostly phenomeno- 
logical and we are trying to formulate which measurements could help to And 
answers to the puzzles outlined above. The theoretical framework which we are 
using is mainly the polymer approach to the scalar held theory, see, e.g., [6,7,8]. 



for simplicity we will confine ourselves to the case of SU{2) as the color group. 



1 
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2 Monopole Condensation: Overview of the Theory 



2.1 Compact U{1) 

The show case of the monopole condensation is the compact U{1) [9]. The crucial 
role of the compactness is to ensure that the Dirac string does not cost energy 
(for a review see, e.g., [4]). The monopole self energy reduces then to the energy 
associated with the radial magnetic field B. The self energy is readily seen to 
diverge linearly in the ultraviolet: 

Mmonia) = f ( 4 ) 



where c is a constant, a is the lattice spacing, e is the electric charge and the 
magnetic charge is ^ = l/2e. Thus, the monopoles are infinitely heavy and, 

at first sight, this precludes any condensation since the probability to find a 
monopole trajectory of the length L is suppressed as 



exp(— S') 



exp 



c L 
a 



( 5 ) 



Note that the constant c depends on the details of the lattice regularization but 
can be found explicitly in any particular case. 

However, there is an exponentially large enhancement factor due to the en- 
tropy. Namely, trajectory of the length L can be realized on a cubic lattice in 
Nl = 7^/“ various ways. Indeed, the monopole occupies center of a cube and the 
trajectory consists of Lj a steps. At each step the trajectory can be continued 
to an adjacent cube. In four dimensions there are 8 such cubes. However, one 
of them has to be excluded since the monopole trajectory is non-backtracking. 
Thus the entropy factor. 



ln7 • , (6) 

a ) 

cancels the suppression due to the action (5) if the coupling (? satisfies the 
condition 

eLt = c/ln7 » 1, (7) 

where we quote the numerical value of for the Wilson action and cubic 
lattice. At any monopole trajectory length L is allowed and the monopoles 
condense. 

This simple theory works within about one percent accuracy in terms of 
[10]. Note that the energy-entropy balance above does not account for interaction 
with the neighboring monopoles. 




2 



The notation g is reserved for the non- Abelian coupling, the magnetic coupling is 
denoted as Qm. 




Physics of the Monopoles in QCD 347 



2.2 Monopole Cluster in the Field-Theoretical Language 

The derivation of the previous subsection implies that the monopole conden- 
sation occurs when the monopole action is ultraviolet divergent. On the other 
hand, the onset of the condensation in the standard field theoretical language 
corresponds to the zero mass of the magnetically charged field </>. It is important 
to emphasize that this apparent mismatch between the two languages is not 
specific for the monopoles at all. Actually, there is a general kinematic relation 
between the physical mass of a scalar field rripf^y^ and the mass M defined in 
terms of the (Euclidean) action, M = S/L where L is the length of the trajectory 
and S is the corresponding action 

ln7 

mlhys -a Ki M - (8) 

d 

where terms of higher order in ma are omitted. Here by rn^f^y^ we understand 
the mass entering the propagator of a free particle, 

D{p , 'f^pjiys) (P A '^phys) 7 

where is either Euclidean or Minkowskian momentum squared. 

In view of the crucial role of the (8) for our discussion, let us reiterate the 
statement. We consider propagator of a free scalar particle in terms of the path 
integral: 

D{xi,xf) Spathsexp{ -Sciipath)), (9) 

where for the classical action associated with the path we would like to substitute 
simply the action of a point-like classical particle, Sd = M ■ L where M is the 
mass of the particle and L is the length of the path. Then we learn that there is 
no such representation (with replacement of Sd by iSd)) for the propagator of 
a relativistic particle in the Minkowski space because of the backward-in-time 
motions *^. However, in the Euclidean space the representation (9) works. The 
physical mass is, however, gets renormalized compared to M according to (8). 

Derivation of the Eq (8) is in textbooks ® , see, e.g., [12]. The central point 
is that the action for a point-like particle in the Euclidean space looks exactly 
the same as that of a non-interacting polymer with a non- vanishing chemical 
potential for the constituent atoms. The transition from the polymer to the field 
theoretical language is common in the statistical physics (see, e.g., [13]). The 
first applications to the monopole physics are due to the authors in [7]. For the 

® It is worth emphasizing that the results of the lattice measurements are commonly 
expressed in terms of Higgs masses and interaction constants, see [11]. However, 
these masses are obtained without subtracting the ln7 term (compare Eq (8)) and, 
to our belief, are not the physical mass for this reason. Where by the physical masses 
we understand the masses in the continuum limit. In particular, the physical masses 
determine the shape of the Abrikosov-like string confining the heavy quarks. 

^ 1 am indebted to L. Stodolsky for an illuminating discussions on this topic. 

® Actually, one finds mostly ln2D = ln8 instead of ln7. We do think that ln7 is the 
correct number but in fact this difference is not important for further discussion. 
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sake of completeness we reproduce here the main points crucial for our discussion 
later. Mostly, we follow the second paper in [7]. 

The scalar particle trajectory represented as a random walk and the corre- 
sponding partition function is: 

r °° 1 

Z = / X ^ Zn{x, x) , (10) 

N=1 ^ 



where (i is the chemical potential and Zat(xo,x/) is the partition function of a 
polymer broken into N segments: 



N-l 

Zat(xo,x/) = 

i=l ' 






N 

n 

i=l 



S{\xi 



- Xj_i| - a) 

2n‘^a^ 



N 

W(a;i)} . (11) 



i=l 



This partition function represents a summation over all atoms of the polymer 
weighted by the Boltzmann factors. The d-functions in (11) ensure that each 
bond in the polymer has length a. The starting point of the polymer (11) is xq 
and the ending point is Xf = x^r. 

In the limit a — ^ 0 the partition function (11) can be treated analogously to a 
Feynman integral. The crucial step is the coarse-graining: the A^-sized polymer 
is divided into m units by n atoms {N = mn), and the limit is considered when 
both m and n are large while a and -y/na are small. We get, 



(i/+l)n— 1 



' 1 /2\^r2 'I 

n (w) exp|-^(x(,+ i)„-x,„)y 



( 12 ) 

where the index i, i = i/n - ■ ■ {ix + l)n, — 1, labels the atoms in unit. The 
polymer partition function becomes [7]: 



Z]\f(xo,Xf) = const • P d*^x 



V=1 



\7Tna^ / ^ 



iy=l 



m 

• exp {-E n{ii, + V(xj,))| . 



(13) 



x=i 



The Xj’s have been re-labeled so that x^ is the average value of x in at the 
coarser cell. Using the variables: 



s = -na ix, T 
8 



2 1 2 Ar 2 

= - a iV , mfi = . 



(14) 



one can rewrite the partition function (10) as 



r 7 dr 

Z = const • / — 



Dx exp< - / -xMs) + mtj + gijV (x(s)) 



ds 



0 



x(0) = x(t) = x 



0 



(15) 
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The next step is to rewrite the integral over trajectories x(r) as the standard 
path integral representation for a free scalar field. For us it is important only that 
the mg term in (15) is becoming the standard mass term in the field theoretical 
language: 






Ml 



M=0 



= const • J D(f> exp^ — j d^x gtjV{x)(f)^ |. (16) 

The whole machinery can be easily generalized to the case of charged particles 
(monopoles) with Coulomb-like interactions. 



2.3 Monopole Condensation in Non-Abelian Case; Expectations 

If we try to adjust the lessons from the compact U (!) to the non- Abelian case 
then the good news is that, indeed, all the U{1) subgroups of the color SU{2) 
are compact. Moreover, dynamics of any subgroup of the SU{2) is governed by 
the same running coupling g‘^{r). Thus, we could hope that the following simple 
picture might work: if the lattice spacing a is small we would not see monopoles 
because g^{a) falls below However, going to a coarser lattice a la Wilson 

we come to the point where g‘^{a?) ~ (?crit- Then we apply the entropy-energy 
balance which works so well in case of the compact U{1) and conclude that the 
monopoles of a critical size acrit such that g'^{a,crit) 1 condense in the QCD 
vacuum. 

This simple picture is open, however, to painful questions. First, monopoles 
are defined topologically within a [/(I) subgroup ®. However, it is only the U{1) 
invariant action which has a non- vanishing minimum for a U{1) topologically 
non-trivial object. There is no relation, generally speaking, between the full non- 
Abelian action and a [/(l)-subgroup topology. For illustrations of this general 
rule see [3]. 

Therefore, there is no reason, at least at first sight, for the saturation of 
the functional integral at the classical solution with infinite action, see (4). This 
observation brings serious doubts on the validity of our simple dynamical picture. 



3 Monopoles, as They Are Seen 

3.1 Monopole Dominance 

On the background of the theoretical turmoil, the data on the monopoles indicate 
a very simple and solid picture. We will constrain ourselves to the monopoles 
in the so called Maximal Abelian gauge and the related projection (MAP). We 

® Note that a SU (2)-invariant definition of the monopoles is also possible [14]. However, 
their dynamical characteristics have not been measured yet and such monopoles are 
not considered here. 
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just mention some facts, a review and further references can be found, e.g., in 

[ 2 ]. 

Since the monopoles of the non- Abelian theory are expected to actually be 
U{1) objects one first uses the gauge freedom to bring the non- Abelian fields as 
close to the Abelian ones as possible. The gauge is defined by maximization of 
a functional which in the continuum limit corresponds to K{A) where 

R{A) = - J + {Alf] (17) 

where 1,2 are color indices. 

As the next step, one projects the non- Abelian fields generated on the lattice 
into their Abelian part, essentially, by putting A^'^ = 0. In this Abelian pro- 
jection one defines the monopole currents kfj, for each field configuration. Note 
that the original configurations which are used for a search of the monopoles are 
generated within the full non- Abelian theory. Upon performing the projection 
one can introduce also the corresponding Abelian, or projected action. 

The relation of the monopoles to the confinement is revealed through evalua- 
tion of the Wilson loop for the quarks in the fundamental representation. Namely 
it turns out, first, that the string tension in the Abelian projection is close to 
the string tension in the original SU{2) theory [15]: 

0-(7(l) CTsU{2) ■ (18) 

Moreover, one can define also the string tension which arises due to the monopoles 
alone. To this end, one calculates the field created by a monopole current: 

^ (19) 

y 

where is the inverse Laplacian, and sums up (numerically) over the Dirac 
surface, m[k], spanned on the monopole currents k. The resulting string tension 
is again close to that of the un-projected theory: 

^mon ~ ^SU{2) ■ (20) 

It might worth mentioning that these basic features remain also true upon 
inclusion of the dynamical fermions in SU{?>) case (full lattice QCD) [16]. 

3.2 Gauge-Invariant Properties of the Monopoles 

Despite of the apparent gauge-dependence of the monopoles introduced within 
the MAP, they encode gauge-invariant information. In particular, we would men- 
tion two points: scaling of the monopole density and full non-Abelian action 
associated with the monopoles. 

According to the measurements (see [17] and references therein) the mono- 
pole density pmon in three-dimensional volume (that is, at any given time) is 
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given in the physical units. In other words, the density scales according to the 
renormgroup as a quantity of dimension 3. Numerically: 

Pmon = 0.65(2) {(TSU{2))^^'^ ■ (21) 

One important remark is in order here. While discussing the monopole density 
one should distinguish between what is sometimes called ultraviolet (UV) and 
infrared (IR) clusters [18]. The infrared, or percolating cluster fills in the whole 
lattice while the UV clusters are short. There is a spectrum of the UV clusters, 
as a function of their length, while the percolating cluster is in a single copy. The 
statement on the scaling (21) applies only to the IR cluster. We do not consider 
the UV clusters in this note. 

Also, upon identification of the monopoles in the Abelian projection, one can 
measure the non- Abelian action associated with these monopoles. For practical 
reasons, the measurements refer to the plaquettes closest to the center of the 
cube containing the monopole. Since the self energy is UV divergent, it might be 
a reasonable approximation. The importance of such measurements is that we 
expect that it is the non- Abelian action which enters the energy-entropy balance 
for the monopoles. 

The results of one of the latest measurements of this type are reproduced in 
Fig. 1 (see [5]). 




a/2 (fm) 



Fig. 1. The average excess of the full non-Abelian action on the plaquettes closest to 
the monopole, as a function of a half of the lattice spacing a/2. The data are reproduced 
from the first paper in [5] 

What is plotted here is the average excess of the action on the plaquettes 
closest to the monopole (monopoles are positioned at centers of cubes) . The ac- 
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tion is the lattice units. In other words, the corresponding mass of the monopole 
Mmonici) of order 1/a if the action of order unit. 

As is emphasized in [5] , the IR and UV monopoles are distinguishable through 
their non-Abelian actions. For the UV monopoles the action is larger, in ac- 
cordance with the fact that they do not percolate (condense). This is quite a 
dramatic confirmation that the condensation of the monopoles in the Maximal 
Abelian projection is driven by the full non-Abelian action, not by its projected 
counterpart. 

4 Fine Tuning 

Let us pause here to reiterate our strategy. We are assuming that the monopole 
condensation can be described within an effective Higgs- type theory like (1). In 
fact, even this broad assumption can be wrong but at this time it is difficult 
to suggest a framework alternative to the field theory. Next, we would like to 
fix the effective theory using results of the lattice measurements. Moreover we 
are interested first of all in interpreting data which can be expressed in gauge 
independent way. As the first step, we will argue in this section that the data 
on the monopole action [5] imply a fine tuning. By which we understand that 

Ifi/Y 

\M„,on(a) 1 < M^on{a) (22) 

a 

where Mmon{ci) is the monopole self energy ^ and ln7 is of pure geometrical 
origin (see (6)). Note that (22) looks similar to the fine tuning condition in the 
Standard Model. 

4.1 Evidence 

There are a few pieces of evidence in favor of the fine tuning (22): 

a) Direct measurements indicate that the excess of the action is indeed related 
to the ln7, as is obvious from Fig. 1 . Let us also emphasize that it is only the full 
non-Abelian action which “knows” about the ln7. The Abelian projected action 
is not related at all to the ln7 [5] . This illustrates once again that the dynamics 
of the monopoles in MAP is driven by the total SU{2) action. 

b) It is difficult to be more quantitative about the excess of the action basing 
on the direct data quoted above. In particular, we should have in mind that for 
finite a there are geometrical corrections to the equation (6). Indirect evidence 
could be more precise. In particular, it is rather obvious that the scaling of the 
monopole density (see (21)) implies: 

ln7 

\Mmon{a) 1 AqcD (23) 

cL 

We hope that the notations are not confusing: there are two monopole masses 
being discussed. One is the standard magnetic field energy (see (4)) and the other 
is what we call physical mass, and this mass determines propagation of a free 

monopole. 
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so that the action per unit length of the monopole trajectory does not depend 
on the lattice spacing a. 

c) Also, independence on the lattice spacing of the temperature (3) of the 
phase transition suggests strongly validity of (23). Indeed, the measurements at 
the smallest a available, a 0.06/m, see Fig. 1, suggest 



Mrr^on > 4 Gel/, > '1 deconfi 



(24) 



Moreover, it is well known that at the point of the phase transition the monopole 
trajectories change drastically. Such a sensitivity of the monopoles to the tem- 
perature is possible only if the effect of the self energy of the monopole is mainly 
canceled by the entropy factor, see (23). 

Also, an analysis of the data in [19] suggests that 



'1 



deconf 



(25) 



where dmon is the distance between the monopoles in the infrared cluster, dmon 
0.5 fm [5]. Thus the temperature is not sensitive to our ultraviolet parameter 
which is the size of the monopole. 

d) Phenomenological fits suggest [11]: 

Mmon ~ (a) + const, const > 0 , (26) 



where by Mmon we understand the action associated with the monopole. Note 
also that the Coulombic part of the mass, M)/°“*(a) is of order \j g^a. 

Let us recall the reader that on the theoretical side our main concern was 
that there is no reason why M„o„(a) cannot drop to zero. Now we see that our 
fears are not justified: the monopole self energy is even higher than it would be 
in the pure Coulomb-like case! As far as we concentrate on a single monopole 
there is no way to understand (26). But this is indeed numerically necessary for 
the fine tuning. 

Thus, the fine tuning (22) seems to be granted by the data. 



4.2 The Origin of the Huge Mass Scale 

We are talking actually about small distances, by all the standards of QCD. 
The numerical value [5] of the size of the monopole (2) is much smaller than the 
inverse temperature of the phase transition. 

The radius (2) is defined in terms of the derivative from the monopole action 
with respect to a, see [5]. What we would like to emphasize here is that the 
actual “physical size” of the monopole can be much smaller than (2). By the 
physical size Rphys we understand now the distances where the excess of the 
monopole action is parametrically smaller than the action associated with the 
zero-point fluctuations. It is the Rphys where the asymptotic freedom actually 
reigns, not Rmon quoted in (2). 

No evidence exists at the moment that reaching Rphys is in sight, see Fig. 
1. Indeed, in the lattice units used in Fig. 1 the excess of the action density of 
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order Aq^jj would look like having zero at a = 0 and approaching this zero as 
a^. Having in mind the data showed in Fig 1 it is tempting to speculate that 
the onset of such a behavior is still far off from the presently available lattice 
spacings. 

Moreover, as we will argue now it looks plausible that the Rphys is shifted to 
the scale 

Rphys (100 GeV)-^ . (27) 

Before giving arguments in favor of (27) let us ask ourselves, why the esti- 
mate (27) is difficult to accept, at least at first sight so. The reason is obvious: 
one thinks usually about non-perturbative effects in quasi-classical terms, which 
work in the instanton case. Thus, one assumes that the probability to find non- 
perturbative effects is exponentially small at small g'^{a), exp{ — c/g'^{a)). 

But the failure of such a logic in the monopole case is evident from the case 
of the compact U{1), see above. Even the monopoles with infinite (Euclidean) 
action condense. Moreover, Rphys is naturally determined by the running of the 
coupling which is logarithmic and can result in huge factors in the linear scale. 

Let us make simple estimates. Namely, the (7(1) critical coupling is well 
known, 1. In the QCD case we can rewrite the condition (7) as a condition 

on the Rphys - In the realistic case we have at the LEP energies E'^ ^ (100 GeV)^, 
a » 0.1. Then 

Mphys ^ TeV (28) 

and, remarkably enough, we are getting rather the weak interactions scale than 
AqcD- 

Also, the SU{2) lattice measurements t}rpically refer to f3 ^ 2.6 while our 
guess about Rphys asks for measurements at, f3 ^ 4 which are absolutely unreal- 
istic at the moment. 

Thus, we come to a paradoxical conclusion that the presently available j3 
are too low to see dissolution of the monopoles at small distances. Moreover, 
because the running of the coupling is only logarithmic the scale of of the onset 
asymptotic freedom - which is defined now as the vanishing of the excess of the 
monopole action compared to the zero-point-fluctuations action- can be very far 
off. 

It is amusing to notice ^ that in case of the SU (3) gluod}mamics on the lattice 
(/^ = 1, or /? = 6 corresponds to the lattice spacing a Pi 0.1 /m and the scale is: 

- (2GeV)-^ 

Thus, through dedicated studies of the monopoles in the SU (3) case it is possible 
to clarify whether there is a crucial change in the monopole structure at the point 

gr2(a) 1. 

® The observation is due to M.l. Polikarpov. 
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5 Conclusions 

We have argued that data are emerging which indicate that QCD, when pro- 
jected onto the scalar-field theory via monopoles corresponds to a fine tuned 
theory. Which is if course extremely interesting, if true, in view of the mystery 
of the fine tuning in the Standard Model. The monopoles which we considered 
are defined ( “detected” ) through the Maximal Abelian projection. However, the 
mass scales which exhibit mass hierarchy are gauge independent. The scales are 
provided by the SU (2) invariant action per unit length of the monopole trajec- 
tory, on one hand, and by the temperature of the phase transition, on the other. 
More generally, we have found that the polymer approach allows to get a new 
insight into the mechanism of the monopole condensation. 
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Some Recent Results of Electromagnetic 
Nucleon Form Factors Measurements 
Using Transfer of Polarization 



Damir Bosnar (for the A1 collaboration at MAMI) 

Department of Physics, Faculty of Science, University of Zagreb, Croatia 



Abstract. Described are measurements of the electric form factor of the neutron, and 
modification of the proton form factor in the medium, using transfer of polarization. 
Main features of the continous wave electron accelerator MAMI Mainz are outlined. 
Three high-resolution magnetic sepctrometers, and proton and neutron polarimeters of 
the At collaboration are described. Recent measurements of the neutron electric form 
factor in the reaction ,e'lt)p and measurements of the medium modification of 
the proton factor in the reaction ^He{^ , are pesented. 

1 Introduction 

Understanding the structure of nucleons is of fundamental importance in the 
particle and nuclear physics. Presently the QCD, which is believed to be the 
theory of strong interactions, is not solvable at low energies and QCD-based 
theories have been developing. The ability of these theories to predict nucleon 
form factors and the influence of the nuclear medium upon them represents one 
of the most stringent tests of these theories, and hence precise data are required. 

Polarization transfer experiments in electron scattering of good statistical 
accuracy became feasible with the development of electron accelerators with high 
luminosity, high duty factor and high polarized electron beams. New observables, 
shadowed in unpolarized experiments, become now available and reveal new and 
precise information regarding nucleon structure and the influence of the nuclear 
medium upon it. 

In this contribution two examples of double polarization measurements at 
MAMI Mainz will be described: the determination of the neutron electric form 
factor, and the modification of proton form factor in the nuclear medium. Lon- 
gitudinally polarized electron beam has been used in both experiments, and the 
polarization of the outgoing nucleon has been determined. 



2 Mainz Microtron MAMI 

The electron accelerator MAMI is located on the campus of the Johannes Guten- 
berg University in Mainz, Germany. MAMI [1] is a continuous-wave electron 
accelerator and consists of an injector linac followed by a cascade of three mi- 
crotrons. The maximum available electron energy is 883 MeV and the maximum 



Josip Trampetic and Julius Wess (Eds.): LNP 616, pp. 1—6, 2003. 
(c) Springer- Verlag Berlin Heidelberg 2003 




2 



Damir Bosnar 



current is 110 /rA. The polarized beam is available [2] with the maximum po- 
larization of 80% and maximum current of 15 yuA. The helicity of the polarized 
beam can permanently be switched. 

The upgrading of the accelerator is currently being undertaken. The already 
existing third stage of the microtron will be an input to the double sided- 
microtron. After the upgrade, which will be completed in 2003, the maximum 
electron energy is expected to be 1.5 GeV. 

3 Magnetic Spectrometers and Nucleon Polarimeters 

The A1 collaboration at MAMI Mainz has built three high-resolution magnetic 
spectrometers [3] and has been using them in the electron scattering experi- 
ments in order to explore nucleon and nuclei properties. In some experiments 
the magnetic spectrometers are complemented by additional detectors to achieve 
desired quantities. In the measurements described in this contribution, magnetic 
spectrometers have been used with nucleon (proton or neutron) polarimeters. 

3.1 Magnetic Spectrometers 

The magnetic spectrometers, named A,B,C, have solid angles of 28 msr, 5.6 msr 
and 28 msr, respectively. They can detect electrons, pions, protons and other 
charged particle with the maximum momentum 735 MeV/c, 870 MeV/c, and 
551 MeV/c, and have acceptance of 20 %, 15 %, 25 %, respectively. Deflecting 
magnet systems in A and C are built in the same way and consist of a quadrupole, 
a sextupole and two dipole magnets. The spectrometer B has a single clamshell 
dipole magnet. Detector packages in all three spectrometers are built in the 
same way and consist of two double- planes of vertical drift chambers (VDCs), 
two layers (3mm and 10mm thick) of scintillator counters and a Cherenkov 
counter. The magnetic spectrometers provide information regarding momentum 
of outgoing charged particles with the resolution better than 10^*^, angles of 
outgoing charged particles with the resolution better than 3 mrad at the target, 
and information regarding the type of charged particles. Single measurements, 
as well as double and triple coincidence measurements are possible. 

3.2 Proton and Neutron Polarimeters 

Measurements of proton and neutron polarizations are based on the same princi- 
ple. The fact that the spin-orbit part and the radial part of the nuclear potential 
have the same order of magnitude is used. If the outgoing nucleons are polarized, 
their secondary scattering in the analyzer causes asymmetry in the cross section 
from which their polarization can be obtained. 

In order to measure the proton polarization, the focal plane proton polarime- 
ter has been built [4] and it can be put in the spectrometer A in place of the 
Cherenkov counter. The graphite analyzer has been used in this polarimeter. 
The large area horizontal drift chambers built for this polarimeter [5] determine 
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the scattering angles after passing analyzer, and standard VDCs in the spec- 
trometer A determine proton trajectories before passing through the analyzer. 
The spin precession and information about all three polarization components of 
the protons at the target are provided by the passage of protons through the 
magnetic system of the spectrometer [6] . 

Neutrons are neutral particles, therefore the magnetic spectrometer supple- 
mented with polarimeter cannot be used for their detection and polarization 
measurement. For these purposes a separate neutron polarimeter consisting of 
two walls of a plastic scintillator has been built [7]. The first wall of the plastic 
scintillator determines trajectories of outgoing neutrons and is used simultane- 
ously as the analyzer [8]. The second wall of the plastic scintillator determines 
trajectories of the scattered neutrons in the analyzer. Between the polarimeter 
and the target there is a dipole magnet which provides controlled precession 
of neutron spins, and this is used to avoid calibration of effective analyzing 
power [9]. 



4 Neutron Electric Form Factor 

and Double Polarization Measurements 



The cross section for the elastic electron-nucleon scattering can be written in 
the Rosenbluth form using the Sachs form factors Ge and Gm [10]: 



da 

dfi 






( 1 ) 



where {^)Mott is the Mott cross section for the electron scattering off pointlike 
spin ^ particle, is the electron scattering angle, t = with niE nucleon 

mass and = —q^ = uP" — uj energy and if momentum of the virtual 
photon. 

The proton form factors Gf have been successfully determined in the 
elastic electron-proton scattering. Measurements of neutron elastic form factors 
are more difficult because a free neutron target, which could be used in electron 
scattering experiments for this purpose, does not exist. One should use scattering 
off light nuclei where the influence of other nucleons must be accounted for. This 
method has been used to determine the neutron magnetic form factor G'^, but it 
cannot provide reliable results for the much smaller electric form factor Gf . This 
quantity becomes accessible as well by using measurements with the polarization 
transfer in exclusive electron scattering experiments [11]. In the ideal case of the 
e'lt): 




where Pf, Pf are components of neutron polarization in x and z directions, 
respectively. The x-axis of the coordinate system is in the electron scattering 
plane perpendicular to the direction of momentum transfer, y-axis is normal to 
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Fig. 1. Neutron electric form factor measured using transfer of polarization. Full cy- 
cles D(j&, eJlt)p experiment at MAMl [9,12], full triangles eJlt) experiment at 

MAMl [13,14,15,16] (the gray triangle is the result obtained without considering final 
state interactions [13,14]), open cycle measurement at Bates [17], open 

inverse triangle T^(j&,e'n) measurement from NIKHEF [18] and open square JLab 
e'n)p measurement [19]. Results are shown with statistical (inner) and system- 
atical (outer) errors. The curve represents the fit using parametrization (3) through 
data obtained in measurements at MAMl using transfer of polarization (the points at 
Q^=0.35 (GeV/C)^ [13] and the corrected value at Q^=0.4(GeV/C)^ [14] are omitted 
from the fit). 



the electron scattering plane and z-axis is determined by the direction of the 
momentum transfer. Since there is no neutron target available for such measure- 
ments, the exclusive quasi-free electron-deutron scattering D('#,e’7t)p can be 
used. Similarly, the neutron electric form factor can be determined in the scat- 
tering of longitudinally polarized electrons off a polarized neutrons Tt('^,e’n), 
and this can be achieved through the reaction I^('^, e'n)p or e'n). 

In Fig. 1 the compilation of the results for the neutron electric form factor us- 
ing polarization transfer measurements in the reactions l^{~&,e'n)p 

and is presented. 

Recently, the A1 collaboration has conducted measurements of the neutron 
electric form factor at Q^=0.6 (GeV/c)^ and at 0.8 (GeV/c)^ using reaction 
D{~&, e'lt)p [7] with the goal to achieve the error of the measurement less than 
5%. In these measurements electrons were detected in the magnetic spectrometer 
A and neutron polarization was measured in the neutron polarimeter described 
above. Data of these measurements are still being analyzed and these results 
should determine the parameter p in the parametrization of the G'^: 



G 



n 

E — 



Mnr f Q‘^ \ 

1 + \ 0.71(GeI4/c)2 y ’ 



( 3 ) 



where /r„ is neutron magnetic moment. The p obtained from the existing MAMFs 
data is substantial larger, by factor 2, than p from the previous unpolarized 
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measurements, and this causes significant differences between the neutron charge 
distributions in the Breit frame obtained from respective Fourier transforms 
of G”. 



5 Medium Modification Measurements 
of the Proton Form Factors 



The polarization transfer reaction can be used to measure the form 

qP 

factor ratio by measuring the ratio of transverse and longitudinal polariza- 

‘-'M 

tion components of scattered protons [11]: 



_ P^E + E\ e, 

Gl, F, 2m, 



( 4 ) 



where E and E’ are energies of the incident and scattered electrons, Of, reresents 
the electron scattering angle and m, is the proton mass. The and P^ are 
longitudinal and transverse polarization transfer observables, respectively. The 
z-axis is in the direction of the momentum transfer, y-axis normal to the electron 
scattering plane and x-axis is in the electron scatering plane normal to the 
direction of momentum transfer. We have measured the polarization transfer in 
the reaction at = 0.4(GeE/c)^ and compared the ratio of 

transverse and longitudinal polarization components of ejected protons, to the 
same ratio for ~i'p scattering [20]. In this measurement protons were detected 
in the spectrometer A that was supplemeted by the focal plane polarimeter 
described above, and electrons were detected in the spectrometer B. 

Obtained results have been compared [20] with theoretical calculations and 
they favored models with a slightly modified form factor, but the statistical 
significance is not sufficient enough to exclude calculations without form factor 
modifications and the measurements with higher statistics are needed. 
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Abstract. We analyze the nonabelian extension of Born-Infeld lagrangian for SU{2) 
group. In the class of spherically symmetric solutions of finite energy, besides the 
Gal’tsov-Kerner glueballs we find only the analytic dyon solutions. 



1 Action and Field Equations 



The initial point of our analysis is the following nonabelian Born-Infeld [1,2] 
(NBI) action in Minkowski space: 



1 






47T 



cf^x(l -7^) , 7^ 



1 I jIl Pa Pfaua ^ Pa p-jf-tafa 

^2 16 



( 1 ) 



The equations of motion which follow from the NBI action (1) are 



D, 



n 



( 2 ) 



Here F* denotes the Hodge-dual, F*^'' = ^ Fp^, Dp, is covariant derivative, 
a is the index of the gauge group and O = j Fp^,F*^'^°’ . The equations of motion 
(2) can be complemented with the Bianchi identities, DpF*^'^ = 0. 

In [2], spherically-symmetric configurations of finite energy for the action 
(1) were found. The ansatz for the gauge potentials was the monopole ansatz 
and it describes purely magnetic configurations. The usual splitting of the field 
strengths into “electric” and “magnetic” parts is: 



F° 



- iO 5 



Bf 



= - e. 

2 



r-'a 



( 3 ) 



We will generalize the monopole ansatz - in fact, we will consider the gen- 
eral spherically symmetric static potential for the SU (2) group (the so-called 
Witten’s ansatz, [3]). It is given by three real functions ao(r), ai(r), w(r) of the 
radial coordinate r. The components of the gauge potential read: 



. , x“ 1— w(r)x^ 

Ag = ao(r)— , — h taik 



( 4 ) 



Here x“, and are the Cartesian coordinates. The field strengths for this 
ansatz are 

/ X^Xq, dQH) X^Xq, ^iak 

= ®o —2 , 
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Bf = -2Si, 



1 — w 



(1 — w)^ 

j,2 



J .2 



l-w ^j XjXg - Sigr"^ 



aiw 

^2 ^iak^k i 



where prime denotes the derivative The square root TZ from (1) is 



n = \ I 



(1 — w'-^Y 



, a?W^ , ttnW^ 



,2 [ao(l-w^)]' 



We can now consider the condition of extremality of the action. After the 
integration of angular variables, the action is proportional to the lagrangian L, 



poo 

L= r’^{TZ-l)dr . 

Jo 



( 5 ) 



Var}dng the unknown functions ag, ai and w, we obtain the set of equations: 

= 0 , ( 6 ) 



(1 -w;2) 



/[ao(f — 2w^ao fr 

V 



7^ 






n 



wa,Q 



[ao(f— 2w{l—Vir) /2w'\ woq wa\ 



r27^ 



r27^ \n J n n 



( 7 ) 



( 8 ) 



2 NBI Dyons 



The system of equations (6-8) is a complicated nonlinear system. We will search 
for particular solutions of this system with finite energy. The energy of the 
static configurations is equal to the negative value of the lagrangian, M = —L. 
The convergence of this integral on both boundaries imposes restrictions on 
the asymptotic behavior of the functions ao, a,i and w. We will discuss these 
restrictions later. 

The simplest equation (6) implies essentially that ai(r) = 0. Therefore, we 
will always assume this and denote ao(r) = a(r) in the following. 

The solutions with a(r) = 0 were analyzed in [2] in detail. The simplest 
solution in this case is w{r) = ±1 and it represents the pure gauge. w(r) = 0 is 
also a solution: this is the embedded U (1) monopole. Its energy is finite: 



Mg 



^3/2 

3r(3/4)2 



1.2360 



(9) 



There is also an infinite discrete set of finite energy solutions Wnir) with the 
index n, € N. These solutions can be found numerically using the condition that 
the function w(r) with the allowed asymptotic forms at r — ^ 0 and r — ^ oo match 
in the intermediate region. They are called Gal’tsov-Kerner glueballs. 
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The other simple possibility, w(r) = 0, a(r) ^ 0, is also nontrivial. The 
equations of motion in this case reduce to 



a 

r-^TZ 



! , ' 



2 ! ’ 



7 ^ 



7^: 



(1 + r‘^)(l — 



( 10 ) 



This equation can be solved explicitly and its solution is a two-parameter family 



a(r; C\ a) = C ± J ^ ^ ^4 dr , ( 11 ) 

where C and a are the integration constants and a > 1. The explicit form 
of the solution is given in terms of the elliptic integral. In accordance with 
the conditions of finiteness of energy and invariance of the equations under the 
change a(r) — ^ — a(r), we will take (7 = 0 and the + sign in front of the square 
root. The function a(r) for different values of a is shown in Fig. 1. The limiting 
value of the parameter, a = 1 , gives a(r) = const, a configuration which is gauge 
equivalent to the embedded monopole w(r) = 0, a(r) = 0. The energy of the 
solution ( 11 ) is 

The energy is unbounded below and its maximum is Mg at a = 1. We observe 
that the existence of the electric field decreases the total energy. 




Fig. 1. Dyon solutions 



We will call the solution (11) dyon [4], as in the asymptotic region r — ^ 00 
the behavior of the electric and magnetic fields is given by 






a/ck — 1 







(13) 



and describes the field strenghts of point-like sources. The “electric charge” of 
the source is proportional to a/q; — 1, while the “magnetic charge” is 1. 
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3 Conclusions 

The condition of finiteness of energy in the general case of spherically symmetric 
NBI configurations restricts the possible behavior of the functions w(r) and 
a{r). Along with the cases discussed above, there is one interesting solution 
which behaves as ’t Hooft-Polyakov monopole (i.e. a(r) — ^ const and w(r) — ^ 0 
for r — ^ oo). It can be obtained by numerical integration starting from r = 0 
for some values of initial parameters denoted as w -2 and ai. The outcome of 
the integration for = —10 and a\ = 0.5 with the integration step h = 10^® 
is shown in Fig. 2. However, this solution is numerically unstable: if we keep 
the same values for the parameters W 2 and ai, but decrease the integration 
step h, we see that the oscillations of w(r) increase to the larger region of r 
and that the asymptotic value of a(r) at infinity increases. We conclude that 
the solutions of this type are probably nonanalytic. The analysis of the energy 
confirms this conclusion, too: the values of energy differ for orders of magnitude 
for different integration steps. We see that in the NBI case, as in the pure Yang- 
Mills theory, w(r) = 0 and w(r) = 1 are separated by infinite energy barrier and 
it is impossible to find the solution of finite energy which interpolates between 
them. 




Further numerical analysis of the other allowed asymptotics strongly indi- 
cates that, besides Gal’tsov-Kerner glueballs and analytic dyons, there are no 
finite energy solutions. 
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Abstract. We establish the existence of one-loop finite relations between the Cabibbo 
angle and the quark mass ratios, in a Standard Model with one Higgs doublet and two 
quark generations. The argument is based on the calculation of the divergent one-loop 
radiative corrections to the quark mass matrices^. 



1 Introduction 

One of the outstanding questions raised by the Standard Model (SM) of ele- 
mentary particles concerns the set of free parameters it seems to involve. Many 
of those parameters find their origin in the Yukawa sector of the theory: six 
quark masses, three mixing angles and one phase, not to mention the leptons. 
Furthermore, their empirical values show a strongly hierarchical pattern. Since 
the early times of its discovery, one has tried to complete the SM in order to 
reduce the size of its set of free parameters and hence propose an explanation 
for this observed hierarchy. The simplest way to reach this goal is to look for 
potential relations between apparently free parameters. But one has to make 
sure that those relations are preserved by the renormalization; they must be 
natural [2] [3], or at least, finite. Until now, most attempts consisted in enlarg- 
ing the symmetry group of the SM by adding a horizontal component to it [4] 
[5] [6] [7]. The horizontal symmetry imposes constraints on the structure of the 
Yukawa couplings. After spontaneous breakdown of the symmetry, the fermion 
mass matrices that are generated still bear the stamp of those constraints and 
through bidiagonalization, they give rise to relations between mass ratios and 
mixing angles. Such an implementation guarantees that the relations survive to 
renormalization; they are called natural. However one soon realized [8] [9] [10] 
[11] that it could not be achieved without extending the particle content - by 
considering models with more than one Higgs doublet, thereby increasing the 
number of couplings... 

We present an alternative way to envisage naturalness in the Yukawa sector 
[1]. We assume the existence of a tree-level relation between some apparently 
free parameters, such that it is not spoiled by divergent one-loop radiative cor- 
rections. The condition is not sufficient, but it is necessary (to be sufficient, the 
relation should hold at all orders in perturbation theory). Moreover, instead of 
one-loop naturalness, we talk about one-loop finiteness, since the obtained result 

^ This contribution is largely inspired by [1]. 
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is not necessarily correlated with the presence of an extra symmetry group in 
the SM. 

A first section is devoted to the presentation of a situation (evoked in [12]) 
where the use of a one-loop argument happens to be quite promising. We show 
how such a kind of argument, applied to the weak mixing angle dw, within the 
SM, may give an insight of some higher scale veriical symmetry, and suggest the 
existence, at that scale, of a Grand Unified Theory (GUT). 

In the second section we focus on the Gabibbo mixing angle and the quark 
mass ratios in a SM with one Higgs doublet and two quark generations. We es- 
tablish a method to find out the one-loop finite relations between the a priori free 
parameters. We show that there are indeed one-loop finite relations (expressing 
the Gabibbo angle 9c as a function of the quark mass ratios m„/mc and m^j/mg) 
in a one-Higgs-doublet SM. We conclude that those relations cannot originate 
from any additionnal horizontal symmetry. 



2 The Weak Angle 



The weak angle 9\v mixes the neutral bosons W'^ and isospin eigenstates, to 
end up with the neutral bosons and mass eigenstates of the SU (2) G t/(l) 
Standard Model. This angle is radiatively corrected by the following vacuum 
polarization diagram: 




( 1 ) 



Now imagine some theory, beyond the SM, in which the weak angle is no 
longer a free parameter. The radiative corrections to it would be finite. In par- 
ticular, among them, the radiative corrections proportional to the number n of 
fermion generations would be finite. 

Hence, if the fermion content of the theory of which we have assumed the 
existence is identical to the one of the SM, one can put the divergent fermionic 
contributions of the diagram (1) to zero, and obtain a constraint on the weak 
angle. At the one-loop level, without considering the finite parts, one has for 
S 9\v 



n Y, 

fermions 




'T.fe 



Q{^ —Q sin^ 9w) 
cos 9w sin 9w 






1— I sin^ 9w jj 
cos 9w sin 9w 



( 2 ) 



where is the photon self-energy in QED (whose divergent part does not 
depend on the mass of the fermion running in the loop), and where the sum has 
to be performed on the fermions of one single generation. 

Hence, putting those divergent contributions to zero amounts to impose the 
constraint 

3 
8 



sin^ 9 \y 



( 3 ) 
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which is precisely the value of sin^ 9w at the GUT scale. This means that, within 
the SM, without knowing anything of GUT’s, one can use a one-loop argument 
to get some information about them, as far as they exist. 

3 The Cabibbo Angle 

We consider the two-fermion-generation SM in its minimal realization, namely 
built up with one single Higgs doublet. The hadronic Yukawa sector, which we 
are interested in, contains three useful free parameters: the Gabibbo angle Oc 
and the two mass ratios r„ = m„/mc and rd = mdl'iris. We assume the existence 
of a relation between the Gabibbo angle and the mass ratios, whose general form 
reads: 

nOc) = G{r^,rd) (4) 

so that 

F{ec + 5 9c)=G{ru + 5ru,rd + 5rd) (5) 

where 5 0c, 5r^^ and Srd are the divergent parts of the radiative corrections to 
9, r„ and respectively. To be finite, (4) cannot be broken by infinite radiative 
corrections. That is, (5) must be verified. Thus 

F&c 5 9c = G'ru 5ru+ 5 Vd (6) 

where A denotes the (partial) derivative of / with respect to x. Gomputing the 
one- loop radiative corrections^, one obtains: 

5 9c=e I ^ {nid ~ + ~ sin6>ccos6»c (8) 

F ~^u ^ ~^d 

^ The calculation of the divergent one-loop radiative corrections to the quark mass 
matrices, exclusively involves self-energy and tadpole diagrams. More precisely, since 
we are interested in relations between up-type quark mass ratios and down-type 
quark mass ratios on the one hand, and mixing angles on the other hand, we only need 
to compute the divergent one-loop radiative corrections to those specific parameters. 
This considerably simplifies our task. One indeed notices that neither QED nor QCD, 
which are flavour-blind, will bring in divergent contributions that would affect the 
mixing angle or the mass ratios. The same argument holds for the diagrams involving 
the transverse polarizations of the and of the vector bosons, as well as the 
tadpoles. In other words, the only diagrams one has to consider are the quark self- 
energies due to the exchange of the scalars (Higgs and would-be-Goldstone bosons), 
that is, diagrams of the following type 

(7) 

where the dashed line stands for the boson line. This is not astonishing since the 
scalars are the only fields that know about the difference between the fermion fami- 
lies. We are looking for a special structure inside the Yukawa couplings (or the mass 
matrices), hence the fact that the Yukawa sector is the only one responsible for the 
naturalness of this structure will come as no surprise. See [1] for the details of the 
calculation, to the Yukawa couplings 
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Sr^ = er^ [(m^ - m^) cos 26>c - (ml - ml )] (9) 

6rd = erd [{ml - ml)cos29c - {ml - mf)] (10) 

with e = I ^ In j , A being a cut-off, jj, an arbitrary energy scale and v the 

vacuum expectation value of the scalar held. Let us bear in mind that we do not 
care about the finite part of the corrections. Introducing those expressions into 
equation (5) splits it into two independent equations (since we are not interested 
in considering relations involving mass ratios different from r„ and rd ) : 

Fe^ sin 9c cos 9c \ r„ cos 29c -G^^rd (11) 

1 -ri 

1 I 

Fe^ sin 9c cos 9c f = G^^ rd cos 29c -G^^Vu (12) 

which turn out to be compatible if and only if 



cos 29c 



1+r. 



^ d ^rd 



l+rl 



a. 



1+d 



-.a. 



1+A Gr, 



(13) 



Now this must he the relation (4) whose existence has been supposed, i.e.^ 



F{9c) = cos29c 



(14) 



and 



G{r-u,rd) 



1+r- 



■ Td Gr 



a 



1+r^ 






1+r- 



■ rd (Nr, 



(15) 



Exploiting the remaining information in (11) and (12), and using (13) and (14), 
yields 



1+r, 



G — 'r„G'i-„+ 



1++ 



U 1-r j 



\^G-rdG, 

1 



1+r,^ 

rd I ■ l-r^ 



(16) 

(17) 



This system - from which one obviously recovers equation (15) - is integrable, 
and the general solution reads 



G{ru,Td) 



-(1 + rl){l + rl) + 2A ruVd 

(l-r2)(l- + 



(18) 



® One checks that the arbitrary character of those identifications will not show itself 
in the expected solution. To prove it, we imagine (14) would rather read f{F{9c)) = 
cos 20c. One should then replace G by /(G) in the left-hand side of (15). But the 
right-hand side of it is invariant under G i— s- f{G). Namely, one can solve (15) with 
respect to the variable /(G) which we finally identify to f{F{9c)) = cos 20c- 
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where A is the integration constant. One concludes that, if a relation of the kind 
suggested in (4) exists, it necessarily belongs to the following class: 



cos 20c 



— ( to ^ + 'mu'nic'nid'nis 

{ml - ml){ml - ml) 



(19) 



4 Conclusion 

We have found an infinite number of one-loop finite relations inside the Yukawa 
sector. This set is parametrized by a dimensionless constant A. One has no 
further theoretical argument to constrain the value of A; and one cannot evade 
the difficulty by asking one of the quark masses to vanish, since it would lead to 
a cosine smaller than minus one. 

Stating that several finite relations potentially exist in a one-Higgs-doublet 
model apparently contradicts previous results obtained in the context of family 
symmetries [8] [9] [10] [11]. But since we do not appeal to such kind of s}un- 
metries, we do not expect our result to respect the conclusions derived in their 
context. Namely, the one-loop finite relations (19) cannot be associated with 
the presence of any extra horizontal symmetry. One should examine the validity 
of the results at higher loop level; then look for some possible “determination 
principle” of it outside or beyond the SM - just as the SU (5) GUT determines 
the “one-loop conjectured” value of the weak angle Ow at the GUT scale. 

Whe should stress that the evidence of the existence of such a set of one-loop 
finite relations, namely the evidence of the existence of non-trivial solutions to 
the system (17), crucially relies on the expression of the divergent one-loop radia- 
tive corrections to the Yukawa parameters, and would definitively be invalidated 
if one modifies a single coefficient in those corrections. 

The analysis we have conducted here can be applied to the leptons, provided 
that the neutrinos are massive, their mass being of the Dirac type exclusively. 
The result, since it depends on the sole structure of the Yukawa sector, is strictly 
identical. 

The extension of the present calculation to a three-quark-generation SM 
seems to be doomed to failure because of the complexity of the one-loop radia- 
tive corrections to the Gabibbo-Kobayashi-Maskawa parameters [13] [14]. Those 
corrections are indeed too cumbersome to be manipulated and introduced into 
a solvable partial differential equations system. We will however expound, in 
a forthcoming paper, an alternative approach to derive similar results in a -re- 
quark- generation SM. 
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Abstract. In braneworld-like solutions of the hierarchy problem gravitons and right- 
handed (sterile) neutrinos are in principle the unique non-standard model fields allowed 
to propagate into the bulk, thus their coupling is naturally expected. Since active- 
to-sterile neutrino oscillations can take place during the core bounce of a supernova 
collapse, then gravitational waves must be produced over the oscillation length through 
anisotropic neutrino flow. Because the oscillation feeds mass-energy up into (or takes 
it out of) the target species, the large mass-squared difference between species makes 
a huge amount of energy to be given off as gravity waves, which is larger than from 
neutrino convection and cooling, or quadrupole moments of neutron star matter. The 
strengthness of these bursts would turn them the more sure supernova gravitational- 
wave signal detectable by interferometers, for distances out to the VIRGO cluster of 
galaxies. 



1 Astrophysical Motivation 

As an attempt to solve the critical hierarchy problem between the Planck scale 
(lO^^GeV) and the electro- weak (standard model-SM) scale (1 — lOTeV) revo- 
lutionary approaches have been proposed, in which the large extra-dimensions 
of Arkani-Hamed, Dimoupoulos and Dvali (ADD) [1,2,3] and Randall- Sundrum 
(RS) brane worlds [4, 5] come into play. In those scenarios the standard model 
fields are supposed to exist in a 3+1 dimensional brane embedded in a higher 
dimensional hulk where gravity (and non-SM fields) is allowed to propagate. 
Since the sterile neutrino is also that blind bulk fermion [Mohapatra and Perez- 
Lorenzana, Nucl. Phys. B 576, 466 (2000); Galdwell, Mohapatra and Yellin, Phys. 
Rev. Lett. 87, 041601 (2001)], then, in both the ADD scenarios and RS models 
[4,5], the graviton-right-handed neutrino (i/) coupling is to take place. Next we 
attempt to pave the pathway to this fundamental issue and to make the case for 
it, to show (including discussion on experimental and observational constraints) 
that neutrino oscillations in ADD and RS scenarios do produce gravitational 
radiation, and more important that these gravity waves (GWs) are likely de- 
tectable by GWs interferometers as LIGO, VIRGO, GEO-600, and TAMA-300, 
and also by the TIG As network of resonant- mass detectors. 
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2 Graviton-Sterile Neutrino Coupling 

Because of the validity of Newton’s law up to length scales down to 1 mm, the 
extra-dimensions should appear at a smaller scale [1,2, 3]. Admitting the existence 
of extra dimensions, it follows that the 4-D graviton must be supplemented by 
a tower of Kaluza-Klein (KK) modes that corresponds to the phase space thus 
available in the bulk. The KK modes for the graviton that can be the GWs 
to detect from the neutrino oscillations could be similar in nature, and must 
correspond to a subset of long wavelength KK modes of the tower. It has been 
suggested that these KK modes might be emitted during a supernova (SN) core 
collapse (our study case) [7], and radiatively to decay to form a cosmological 
background mainly of y-rays {E-j < fOOMeV), electron-positron and z/, P pairs, 
susceptible of being detected [8]. The KK modes then released would compete 
with the SN neutrino cooling by shorten the observable signal if the radius of 
the (1) extra dimension is i? < 0.66yum, for an extra dimension energy scale 
Mp^n +4 31MeV. 

In braneworid models of string phenomenology [4, 5] the neutrino sector is in- 
dicated as the most likely messenger of CPT violation to the rest of the standard 
model. This is because the source of dynamical or spontaneous CPT violation 
should lie in the bulk, while the standard model effects are expected to be visible 
only through couplings of SM fields, supposed to reside on branes, to suitable 
bulk messengers. The generic bulk messengers are the graviton and the right- 
handed V. In models with not infinite extra-dimensions gravity effects can still be 
visible, while the sterile neutrino can still have potentially observable Dirac mass 
couplings [9], although the resulting neutrino oscillation physics is irrelevant to 
account for the solar or atmospheric neutrino problems. Thus again, because the 
graviton and sterile singlet neutrino may co-exist in the bulk they might couple. 
Consequently, oscillations of active into sterile z/s must produce gravitational 
waves, while in general oscillations among active v species cannot. In fact, in 
[10], and based upon most robust considerations of SN core physics, we showed 
that this seems to be case: no GWs from active-to-active v oscillations during a 
SN core bounce. 

To illustrate this coupling we follow the paper by Grossman and Neubert[ll] 
in which, for the case of a RS model; where a interesting neutrino phenomenology 
can develop, the action exhibiting the graviton ((/(((() and sterile neutrino {crq) 
coupling reads as [11] 

+ [ {Lij'^Ed^Lo + - {ypL^^Hoem + h.c.)} , (1) 



where is the induced metric on the brane, with ^gvis = 

de-t{-gyis) = = E^{(j) = 7t) 7“ = In (1) H = {4>iA2) is 

the Higgs doublet and L = VR,eR is a left-handed lepton doublet (the reader 
is addressed to [11] for a thorough discussion and definitions of the quantities 
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appearing in (2)). This action, (1), is obtained after integration over the fifth 
dimension of the action describing the blind bulk fermion of mass m coupling 
minimally to gravity 









The coupling is mediated by the spin connection lOhcA, in a 5-dim space of 
metric: — rcd</>. 

To settle the remaining basics, we also recall the way the neutrino flux couples 
to neutron star matter, as needed for the oscillations to take place. This coupling 
has been shown [12] to be the ultimate process responsible for the neat kick given 
to a nascent pulsar during a SN collapse (see Mosquera Cuesta [Phys. Rev. D. 
65, 061503(R) (2002)]). The electroweak coupling of neutrons {N^) and vs inside 
the PNS is described by the Lagrangean 



with the V held satisfying the time-dependent Dirac equation 

^*7° do + *7“ do, + p(t)w/37^[^^— ^^] - ^ = 0. (4) 



Above Gp is the Fermi constant, and vp the v 4- velocity. In dense matter (at 
rest) the neutron 4- vector current density = (fV^7,u,(l — 75 )A^^) = (p, 0, 0, 0) 
adquires a non- zero expectation value. Here p = with the neutron 

number density. 



3 Enlarged u and GWs Luminosity from u Oscillations 

3.1 Supernova Neutrinos and Flavor Conversions 

That the neutrino outflow from a proto-neutron star (PNS) core bounce is a 
source of GWs is a well-known issue[14,13,15,16,17,10]. Numerical simulations 
by Muller and Janka[16] have shown that, in general, the fraction of the total 
binding energy emitted as GWs by pure neutrino convection is: Eq-^ [10^^^ — 
1O^^®]M0C^, for a v luminosity: lO^^erg s^^ (see [16] for further details). 

Unlike GWs produced by convection of neutrinos [16], in the production of 
GWs by neutrino oscillations[10] from active-to-sterile there exists two main 
reasons for expecting a major enhancement in the GWs luminosity during the 
transient: a) the conversion itself, which makes it the overall luminosity of a 
given neutrino species to grow by a large factor: Li, < 10%L|;®^^\ see below. 
The enhancement stems from the mass-energy being given to, or drained from, 
the new species into which oscillations take place. This augment gets reflected 




20 Herman J. Mosquera Cuesta, Amol S. Dighe, and Andre C. de Gouvea 

in the species mass-squared difference (energy conservation), and their relative 
numbers: one species is number-depleted while the other gets its number en- 
larged. But, even if the energy increase is smaller, b) the abrupt conversion over 
the transition time, ATqsc ^ 10^*^s, which is set up by the oscillation length, 
Aosc, and the convective neutrino diffusion velocity, (V^ ^ 10® cms^^[16]), also 
magnifies transiently L^. Being the neutrino flavor transition the key piece to 
produce GWs by this mechanism, it is needed to estimate how many of them 
can actually oscillate. This quantity is measured by the transition probability: 
( |a3 — a;o|), which we estimate next in considering the way the neutrino cou- 
ples to the neutron matter so as to make it viable these i/a < — > Vs oscillations. 



3.2 V Oscillations in Dense Matter 



It was shown in [10] that vacuum flavor conversions among active vs cannot 
increase significantly the amount of escaping neutrinos from the “frozen” SN 
core, and thus no GWs burst is generated. However, interaction with matter, as 
in (3), may help in allowing more vs to escape if resonant conversions into sterile 
vs occur inside the neutrinosphere of the active vs (see [10] from where the next 
discussion is briefly updated) . In the case of z/g yy Vg oscillations, the resonance 
occurs if 



V2Gp 



Ne{x) 



1 

2 



Nn{x) 



V{x) 



Am? 



cos 20. 



(5) 



Here Np?x) is the electron number density (given by TVg- — 7Vg+), and Nn{x) 
is the neutron number density. In the case of v^ j. yy Vg the Np term is absent, 
while in the case of antineutrinos, the potential changes by an overall sign. 
Numerically, for Vp yy Vg oscillations. 



eV® 

nx)-7.5xl0®( — )( 



Pm{x^ ,3??p 1 , 

ioi4g/cm3'^^^ “ r 



( 6 ) 



where Yp is the electron number fraction. For yy Vg oscillations, the last 
term in parenthesis is changed to (^ — j), assumed henceforth to be of order 
one. 

Neutrino conversions in the resonance region can be strong if the adiabaticity 
condition is fulfilled: the oscillation probability is F^g = cos® 29, which is close 
to 1 in the case of small mixing angles. Moreover, after the resonance region, 
the newly created sterile vs have very a small probability = y sin® 20) 

of oscillating back to active vs, which could be potentially trapped. For the 
resonance condition to be satisfied, we require: 10‘^eV® < Am"^ cos 20 { < 

10® eV®, while the adiabaticity condition is satisfied for: 

Z\m® sin® 21? , 1 d/9. . , . 

2 F/ 1 / cos 20 p dx 

where Xres is the position of the resonance layer. Inside the core: = 

Aosc 1km, and therefore the adiabaticity condition is satisfied if Am? ^)))^ ^ 
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10~^eV^( ’ which is easily satisfied by Arn^ > 10*^eV^ as long as sin^ d ^ 

10^^. Thus, we find that a substantial fraction of z/s may get converted to 
sterile z/s, and escape the core of the star, if the sterile z/s mass is such that 
104eV2 < Aml^ < 10®eV2. Such a mass difference cannot solve the observed 
solar and atmospheric neutrino problem, but the possibility of three active neu- 
trinos explaining these anomalies and a heavy sterile neutrino of mass 
keV still stays open. In compensation, '^lOkeV sterile neutrinos have been shown 
to make a relevant contribution to the solution of the dark matter problem in 
the universe[18,20]. The number of z/s escaping, and their angular distribution, 
is sensitive to the instantaneous distribution of production sites. It was argued 
that these inhomogeneities can give rise to quadrupole moments that generates 
GWs[10,16], and dipole moments that could drive the runaway pulsar kicks. [10] 
also showed that the fraction of sterile z/s that can actually escape in the first 
few milliseconds is: Pa^s{\x — a;o|) < 10% of the total z/-flux, which corresponds 
to an energy: AE^^ 3 x lO^^erg. 

3.3 Experimental and Observational Bounds 

A note on experimental oscillation constraints is pertinent then: a) at very low 
values of the mixing angle (sin^ 29 < 10^^), the CHOOZ experiment does not 
put any constraints on the neutrino mass, b) the tritium (3 decay experiment 
indicates six'? 29es'm^^ < (2.5)^eV^, which is consistent with > 10*^eV^ and 
sin^ 29es < 10^*^ (note that the adiabaticity condition (3.2) holds at this value 
of Oes)- c) the neutrinoless double beta decay constraint sin^ 26esmy^ < 0.2eV, is 
satisfied for niy^ > lO^eV and sm^29es < 10^^ [6]. Meanwhile, the cosmological 
constraint, which comes from the requirement that the universe should not be 
overdosed by heavy neutrinos, can be sidestepped if i/g has a small enough life- 
time, which would require physics beyond the standard model, as the braneworld 
models, here called for. The bounds from the big bang nucleosynthesis still allow 
one species of sterile neutrinos [18]. 

In addition, studies of supernova physics have also focused on the potential 
role of oscillations between active and sterile neutrinos. In particular, there are 
limits on the z/e -fy Vg conversion rate inside the supernova core from the detected 
electron neutrino flux from SN1987A [19]. According to [19], the time spread 
and the number of detected z/g events constrain z/g -fy Vg oscillations with: 10® < 
Am^ < 10®eV^ for 10^® < sin^ 20gs < 10 in striking agreement with our 
previous results. More stringent constraints stem from arguing that if there were 
too many “escaping neutrinos”, the supernova explosion itself would not take 
place [19]. Such bounds are, however, model dependent. One should keep in mind 
that the mechanism through which the explosion takes place is, in fact, not well 
established [15]. On the other hand, it is very likely that, if the results of [19] are 
indeed in the right pathway, there is no hope of achieving larger than 10%. 

Prom the precedent discussion it becomes clear that once the oscillation oc- 
curs almost all the sterile z/s being created escape the star taking a huge amount 
of energy (and momentum) density (< 10%p‘') away with them. The coupling 
energy to matter of the former active z/s that convert into steriles is lost in 
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the transition. As shown by Mosquera Cuesta[12], this outflow breaks the PNS 
equilibrium, generating the GWs burst that may make it to pulsate, rotate and 
move due to a rocket-like thrust. The force imparted to the escaping neutrinos: 
pback _ applies back to the remaining active z/- fluid, and from the cou- 
pling 1 / — to the neutron matter, as described by (3), to Anally push the star 

away. 



4 Gravitational Wave Energetics and Detectability 



Whenever the v oscillations do take place in the SN core, the GWs signal most 
likely detectable should be produced over the time interval for which the condi- 
tions for conversions to take place are maintained, i.e. (1 — 2)ms, or equiva- 
lently for frequencies ^ [0.5 — IJkHz. This frequency range corresponds 

to the optimal bandwidth for detection of ground-based detectors. For a fms 
conversions time span the neutrino luminosity reads 



L, 



'rl'i 

^Tosc 



3 X fO^^erg ^ ^ 

1 X f0^3g g 



( 8 ) 



Note that this L,, agrees quite well with the one numerically computed by 
Pons, Steiner, Prakash and Lattimer[2f] (see their Figure 3), and also with data 
for Ljx from SN1987A during its first 15 seconds, as seen by IMB detector[19,2f]. 
Flence, the GWs luminosity, as a function of the i/ luminosity can be 

obtained by relating the GWs flux: 



dh ^ 

l&TiG dt 



1 

47ri?2 



-^GWs> 



(9) 



to the GWs amplitude from the neutrino outflow, h^, which can be computed 
from the neutrino luminosity after Refs. [17,13,16] 

‘2tG 

^5^ = ~TT} / dt' (g> Cj, (10) 

where ei(g>ej is the GW polarization tensor. (10) can be recast in an approximate 
manner as: [At x L,^ x a]. The two last equations can be recast to 

obtain the GWs amplitude produced by the non-spherical outgoing front of the 
z/g-neutrinosphere. It yields[10,13,16] 



- 1.5 X lO^^ljq^ 
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or equivalently 
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where |A| = 1.5 X 10 is the proper GWs amplitude. A GWs signal with this 
amplitude will likely be detectable by the first generation of GWs interferome- 
ters, if an event at the distance of the Large Magellanic Gloud (SN1987A) takes 
place in the near future. It can also detected by advanced interferometers (i.e. 
LIGO-II), and quantum limit operating resonant-mass detectors, over distances 
up to the VIRGO cluster of galaxies. Its imprint in the GWs waveform (GWs 
“light curve” from the PNS formed in the SN collapse) may resemble a spike of 
large amplitude, and timewidth of '^(l-3)ms. 

Prom (11) the GWs luminosity turns out to be 



-^GWs 



4 X 10^°^ 



3 X 1055 2IS 



4 X 10-1 



(13) 



where 0.2<Q!<| — 0.8|is the anisotropy parameter as defined by Burrows and 
Hayes[13]. It turns out that the GWs energy radiated in the process: = 

LgWs ^ ^^osc 4 X 10‘iierg, is almost similar to both the one sterile neutrinos 

carry away: = lO^^jj,^ x 10'ieV|t,J ^°~y^‘^ ] 2 x IO^^MqC^, and the one 

estimated to be necessary to explain the proper motion of pulsars as due to pure 
GWs kicks: A^“()“”j,(GWs)'^ 4 x 10^®M©c^[22]. The quoted GWs energy also is 
105 larger than both the current estimates from the fluid motion of the PNS 
constituents[16]. With so much an energy it is possible to kick the PNS up to 
the observed velocities of pulsars [23], as shown by Mosquera Guesta[12]. 



5 Discussion and Closing Remarks 

In summary, one can see that if neutrino flavor conversions actually take place 
during the SN core-bounce, the GWs signal from the process should irradiate 
much more GWs energy than standard mechanisms driving the neutron star 
dynamics at birth. This large GWs luminosity would turn these bursts the more 
sure detectable GWs signal from the next supernova explosion that would come 
to occur up to the VIRGO cluster distance, R ^ 20Mpc. The radiation reac- 
tion of the outbursts could be the thruster mechanism of the Galaxy runaway 
pulsars[23] and black holes[24], as pointed out in [12]. 

Note, however, that equations (11) and (12) exhibit a strong dependence on 
two parameters: a) the neutrino luminosity, or equivalently the time scale over 
which the neutrino oscillations are expected to take place, and more notoriously 
on b) the asymmetry parameter a. In respect to the i/ luminosity one can have 
rough confidence on the numbers presented here, which agree quite impressive 
with the numerical calculations by Pons et al. [21], because the conditions for 
the conversions to keep on occurring are met for no longer than (l-3)ms. In 
particular, for oscillations taking place mostly over the oscillation time, 10^*^s, 
implying very high frequency GWs: /Qy\As 10‘^Hz (that perhaps would require 
special detection techniques), we get: Lj, = 3 x 105®^, Lgws = 4 x 105^^, 
and Egws = 4 x 10‘^®erg, which are still much larger then conventional estimates 
of GWs from neutron stars and supernovae. Aside from this, the asymmetry 
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dependence is more critical for the detectability of the bursts. Other numerical 
simulations of supernova explosions [16] have indicated that its value could be 
as small as a 5 x 10^®. This as}unmetry would imply, according to (11), an 
effective GWs amplitude two orders of magnitude smaller then the one just com- 
puted, this way shortening the distance upto to potential sources. Nonetheless, 
even for this lower degree of asymmetry the computations show that still the 
GWs energy released during the conversions would dominate over the PNS mass 
motions or neutrino convection and diffusion. 
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Abstract. A motivation of using noncommutative and nonarchimedean geometry on 
very short distances is given. Besides some mathematical preliminaries, we give a short 
introduction in adelic quantum mechanics. We also recall to basic ideas and tools em- 
bedded in g-deformed and noncommutative quantum mechanics. A rather fundamental 
approach, called deformation quantization, is noted. A few relations between noncom- 
mutativity and nonarchimedean spaces as well as similarities between corresponding 
quantum theories on them are pointed out. An extended Moyal product in a proposed 
form of adelic noncommutative quantum mechanics is considered. We suggest some 
question for future investigations. 



1 Introduction 

It is widely accepted that standard picture of space-time should be changed 
around and beyound Planck scale. “Measuring” of spacetime geometry under 
distances smaller than Planck length Ip is not accesible even to Gedanken ex- 
periments. It serves an idea of “quantization” and “discretization” of spacetime 
and a natural cutoff when using a quantum field theory to describe related phe- 
nomena. We are pointing out two possibilties for a reasonable mathematical 
background of a quantum theory on very small distances. The first one comes 
from the idea of of spacetime coordinates as noncommuting operators 

[x\x^] = ie^fi ( 1 ) 

Some noncommutativity of configuration space should not be a surprise in physics 
since quantum phase space with the canonical commutation relation 

[x\y] = ihs^fi ( 2 ) 

where x*' are coordinates and are the corresponding momenta, is the well- 
known example of noncommutative (pointless) geometry. This relation is con- 
nected in a natural way with the uncertainty principle and a “fuzzy” spacetime 
pictures at distances 0^/^. Altough, it seems to have good physical sense for 
Ip, characteristic noncommutative distances could be related to gauge 
couplings [1], closer to observable distances. It should be noted that deriving of 
uncertainty relation (Sx > Ip) leads to an “strange” notion of quantum line and 
probably beyound archimedean geometry, because a coordinate always commute 
with itself [2] ! 
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The second promising approach to the physics at the Planck scale, based 
on non-archimedean geometry was suggested [3]. The simplest way to describe 
such a geometry (oftenly called also ultrametric) is by using p-adic number fields 
(Qp (p is a prime). On the basis of the Ostrovski theorem [4] there is no other 
nontrivial possibilities (besides field of real numbers R) to complete field of 
rational numbers Q in respect to a (nontrivial) norm. Remind that all physical 
numerical experimental data belong Q. 

There have been many interesting applications of p-adic numbers and non- 
Archimedean geometry in various parts of modern theoretical and mathematical 
physics (for a review, see [4,5]). However we restrict ourselves here mainly top- 
adic [6] and adelic [7] quantum mechanics (QM). It should be noted that adelic 
QM have appeared quite useful in quantum cosmology. The appearance of space- 
time discreteness in adelic formalism (see, e.g. [8]), as well as in noncommutative 
QM, is an encouragement for the further investigations. We emphasize the role 
of Feynman’s p-adic path integral method on nonarchimedean spaces. 

The p-adic analysis and noncommutativity also play a role in some areas 
of “macroscopic” physics [9]. We list shortly a few of similarities between non- 
Archimedean and noncommutative structures them and discuss in more details 
a new observed relation between an ordering on commutative ring in frame of 
deformation quantization [10] and an ordering on p-adic spaces in an intention 
to develop path integration on p-adics by “sheening” of trajectories [11]. 



2 p-adic Numbers and Adeles 



Any X € Qp can be presented in the form [4] 

X = p‘'(xo + xip + X2p^ 4 ), z/ € Z, (3) 



where Xj = 0, 1, • • • ,p — 1 are digits. p-Adic norm of any term Xjp‘'+*' in the 
canonical expansion (3) is [xip'^+^jp = p^^'^+d and the strong triangle inequality 
holds, i.e. ja + 6|p < max{|a|p, |6|p}. It follows that jxjp = p^*' if xq ^ 0. 
Derivatives of p-adic valued functions ip : <Qp ^ <Qp are defined as in the real 
case, but with respect to the p-adic norm. There is no integral J (p{x)dx in a sense 

of the Lebesgue measure [4], but one can introduce cp(x)dx = ^(6) — <P{a) as 
a functional of analytic functions p(x), where ^(x) is an antiderivative of p(x). 
In the case of map / : Qp — ^ C there is well-defined Haar measure. One can use 
the Gauss integral 




+ bx)dx 



( U.) 12(3.1^; 





a 0, w = 00 , 2, 3, 5, • • •, (4) 



where index v denotes real {v = oo) and p-adic cases, is an additive character: 
Xoo(x) = exp(— 27t*x), Xp(x) = exp(27rt{x}p), where {x}p is the fractional part 
of X € Qp. Au(a) is the complex- valued arithmetic function [4[. An adele [12] is 
an infinite sequence a = (aoo, « 2 , •••, dp, ...), where aoo € R = Qoo, € Qp with 
a restriction that ttp G Zp for all but a finite set S of primes p. The set of all 
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adeles A may be regarded as a subset of direct topological product x Qp . 
A is a topological space, and can be considered as a ring with respect to the 
componentwise addition and multiplication. An elementary function on adelic 
ring A is 

y>(x) = y>oo(aToo) Ap(a^p) = n (5) 

p V 

with the main restriction that (p{x) must satisfy (fp{xp) = f?(|xp|p) for all but 
a finite number of p. Characteristic function on p-adic integers Zp is defined by 
f?(|a^|p) = 1, 0 < \x\p < 1 and f?(|x|p) = 0, \x\p > 1. 

The Fourier transform of the characteristic function (vacuum state) Q{\xp\) 
is Q{\kp\). All finite linear combinations of elementary functions (5) make the 
set X>(A) of the Schwartz-Bruhat functions. The Hilbert space L- 2 {A) is a space 
of complex- valued functions V’i(x), 'tp 2 (x), . . with the scalar product and norm. 

3 Adelic Quantum Mechanics 

In foundations of standard QM one usually starts with a representation of the 
canonical commutation relation (2). In formulation of p-adic QM [6] the mul- 
tiplication qtp -p xip has no meaning for x € (Qp and Q(x) € C. In the real 
case momentum and hamiltonian are infinitesimal generators of space and time 
translations, but, since (Qp is disconnected field, these infinitesimal transforma- 
tions become meaningless. However, finite transformations remain meaningful 
and the corresponding Weyl and evolution operators are p-adically well defined. 
Canonical commutation relation (2) in p-adic case can be represented by the 



Weyl operators {h= 1) 

Qp{a)ipp{x) = Xp{ax)ipp{x) (6) 

Ap(/3)Q(x) = Qp(x + /3). (7) 

Qp{o)kp{fi) =Xp{oA)Kp{p)Qp{o). (8) 

It is possible to introduce the family of unitary operators 

Wp{z) = Xp{-^qk)kp{j3)Qp{a), 2 ; € Qp x Qp, (9) 



that is a unitary representation of the Heisenberg- Weyl group. Recall that this 
group consists of the elements (z, a) with the group product (z, a)-{z', a') = (z-\- 
z', a + a' + ^B{z, z')), where B{z, z') = —kq' + qk' is a skew-symmetric bilinear 
form on the phase space. Dynamics of a p-adic quantum model is described by 
a unitary operator of evolution U{t) formulated in terms of its kernel Kt{x,y), 
Up{t)'ijj{x) = Jq Kt (x,yyip(y)dy. In this way [6] p-adic QM is given by a triple 
(I/2((!Jp), Wp(zp), Up{tp)). 

Keeping in mind that standard QM can be also given as the corresponding 
triple, ordinary and p-adic QM can be unified in the form of adelic QM [7] 

(L2(A),W(z),t/(Q). 



( 10 ) 
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L 2 (A) is the Hilbert space on A, W (z) is a unitary representation of the Heisenberg- 
Weyl group on L- 2 {A) and U{t) is a unitary representation of the evolution op- 
erator on L 2 (A). The evolution operator U{t) is defined by 

U{t)-tp{x) = I Kt{x,y)tp{y)dy = T\ I K^^\x^,y^)tp^'"'>{y^)dy^. (If) 

Ja ^ 

Note that any adelic eigenfunction has the form 

d/{x) ^ 00 (^ 00 ) yim^p) n Q{\xp\p), X € A, (12) 

pes p^s 

where d'oo € L 2 (R), 'Ap € A 2 (Qp)- In the low-energy limit adelic QM becomes 
ordinary one. 

A suitable way to calculate propagator in p-adic QM is by p-adic generaliza- 
tion of Feynman’s path integral [6] . There is no natural ordering on Qp. However, 
a bijective continuous map p from from the set of p-adic numbers (Qp to the sub- 
set p(Qp) of real numbers R [4] was proposed. This map can be defined by (for 
an older injective version see [11]) 



p(x) = |x|p^Xfcp (13) 

k=0 

Than, a linear order on (Qp is given by the following definition: x < p if |x|p < |p|p 
or when |x|p = |p|p there exists such index m > 0 that digits satisfy xq = po, xi = 
yi, • • • , Xm-I = Pm -1 , Xm < Pm- One Can say: p(x) > p(p) iff x > p. 

In the case of harmonic oscillator [11], it was shown that there exists the 
limit 



Kp{x" ,t” ]x' ,t') = lim K^‘‘\x" ,t"]x' ,t') = lim ,t') 

n—^oo ^ n—^oo ^ 

xf ■■■[ Xp( -T'^S{qi,ti;qi_i,ti_i)]dqi---dqn-i , (14) 

Jq, V / 



where 7Vp"^(t", t') is the corresponding normalization factor for the harmonic 
oscillator. The subdivision of p-adic time segment to < f 1 < • • • < tn-i < tn is 
made according to linear order on Qp . In a similar way we have calculated path 
integrals for a few quantum models. For the references see [13]. Moreover, we 
were able to obtain general expression for the propagator of the systems with 
quadratic action (for the details see [14]), without ordering 



Kp{x'\ t"\ x'd’'' 



1 d'^S 

2h dxJ'dx' 



1 d'^S i 

h dx"dx' p 



— Six", t"; x'd") 
h 



(15) 



Replacing an index p with x in (15) we can write quantum- mechanical amplitude 
K in ordinary and all p-adic cases in the same, compact (and adelic) form. 
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4 Relations Between Noncommutative and p-adic QM 



Noncommutative geometry is geometry which is described by an associative 
algebra A whici is usually noncommutative and in which the set of points, if it 
exists at all, is relegated to a secondary role. Noncommutative spaces have arised 
in investigation of brane configurations in string and M-theory. Since the one- 
particle sector of field theories leads to QM, a study of this topic has attracted 
much of interest. For single particle QM, the corresponding Heisenberg algebra 
is needed. In addition to (1) and (2) one choose 

\p\p^]=i<P^^ (16) 

There are a lot of possibilities in choosing 0 and <P. Although one can take 
and are antisymetric nonconstant tensors (matrices), often, the simplest 
nontrivial case is considered: = const and = 0. Another realization of 

noncommutativity is possible by (/-deformation of a space, for example, Manin 
plane xy = qyx and (/-deformed “classical” phase space px = qpx. This approach 
leads to to latticelike (discrete) structure of space-time [15]. 

A field W{x) as a function of the noncommuting coordinates x can be used 
as Schrodinger wave function obeying the free field equation. Other realization, 
based on star product {v *<!') instead of standard multiplication (V ■]!/) of a 
potential and wave funaction have been considered in corresponding Schrodinger 
equation too (i.e. see [16]). 

The passage from one level of physical theory to more refined another, using 
what mathematicians call deformation theory is nothing extraordinary new. In 
a similar way, there is an old idea that QM is some kind of deformed classical 
mechanics. For a review see [17]. In fact, deformation quantization is closely 
related to Weyl quantization, shortly sketched in the previous section. 

One direction of the investigation led to Moyal bracket and Moyal (star) 
product, widely used now in noncommutative QM 



/ '•'m 9 — Xo 






/ -L \ ^ 

■f«+E(s) a~) 



Several integral formulas have been introduced for the star product and an (for- 
mal) parameter of deformation is finally related to some form of Planck constant 
h. Quantisation can be taken as a deformation of the standard associative and 
commutative product, now called a star product, of classical observables driven 
by the Poissone bracket P. By the intuition, classical mechanics is understood 
as the limit QM when /i — ^ 0. 

Some connections between p-adic analysis and quantum deformations has 
been noticed during the last ten years. It has been observed that the Haar mea- 
sure on SUq{2) coincides with the Haar measure on the field of p-adic numbers 
(Qp if (/ = p~^ [2]. There is a potential such that the spectrum of the p-adic 
Schrodinger-like (diffusion) equation [4] 



Dtp{x) + V (|x|p)Q(x) = Etp{x) 



(18) 
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is the same one as in the case of (/-deformed oscillator found by Biedenharn [18] 
for(/ = \jp. For more details see [2], 

In a develop of the representation theory for the star product algebras in 
deformation quantization some non- Archimedean behavior is noted[10]. We find 
this relation very intrigue and discuss it in more details. Recall, that a star 
product *, on a Poisson manifold (M,7 t) is a (formal) associative C[[A]] - bilinear 
product for (7°°(M)[[A]j 

OO 

f*g = Y^yCr{f,g), (19) 

r=0 

with bidiffererential operators C^. C[[A]] is an algebra of formal (in a formal 
parameter A) series <A- € C (a convergence of this series is still 

not under a consideration). <7°°(M)[[A]] is the space of formal series of smooth 
functions (x G M, fr{x) G C°°{M)), for a fixed but variable x. With inter- 
pretation X h we identify C’°°(M)[[A]] with the algebra of observables of the 
quantum system corresponding to (M, tt). Let R be on an ordered (commu- 
tative associative unital) ring R [10], Let us note, that a concept of ordered 
ring is neccesary one wish to define the positive functionals on a C* algebra 
{C = R{i) = {a -b bi, a,b £ R}). It is related with Gelfand-Naimark’s theorem 
on commutative spaces. By means of the positive functionals on C* algebras 
we can reconstruct the (points on) “starting” manifold, that one on which an 
algebra of complex function will give the “original” C* algebra. This is a motiva- 
tion for generalization on noncommutative space. In this case, the corresponding 
product of formal functions will be the product. Now, i?[[A]] will be an algebra 
of formal series on the ordered ring R. Then, if R is an ordered ring, A[[A]] will 
be ordered in a canonical way, too, by the definition 

CXD 

> 0, if > 0. (20) 

r=ro 

In other words, a formal series in i?[[A]] will be a “positive“ one, if first nonzero 
coeficient (an element of ordered ring R is positive). 

It should be noted that the concept of ordered ring fits naturally to formal 
power series and thus to Gerstenhaber’s deformation theory [19]. Then i?[[A]] 
will be non- Archimedean. For example, if we take that ag = —1, and ai = n 
(n G N, because for any commutative ordered ring with unit, set of integers is 
embedded in i?, N C R, all others coeficients can be zero, we have — 1 + nA < 
0 or nA < 1 for all n, G Z. The interpretation in formal theory is that the 
deformation parameter A is “very small” compared to the other numbers in 
R. We see that Waldmann’s definition of the ordered algebra of formal series 
on ordered ring R immediately leads to the non-archimedean “structure” . R 
could be a good indication to use ultrametric spaces and p-adics when physical 
deformation parameter is very small. We would like to underline that Zelanov’s 
ordering by means of map (13) Qp, i.e. on normed, ultrametric algebra, in frame 
of p-adic QM for A = 1/p^ is related to the ordering of formal series on ordered 
rings in the frame of deformation quantization! 
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5 The Adelic Moyal Product and Noncommutative QM 

The presented connections noncommutative vs. “nonarchimedean” QM suggest 
a need to formulate a quantum theory that may connect as much as possible 
nonarchimedean and noncommutative effects and structures. At the present level 
of quantum theory on adeles, a formulation of Noncommutative Adelic QM seems 
as the most prommising attempt. 

An enough simple frame for that might be representation of an algebra of 
operators (1), (2) and (16). It could be done by linear transformations on cor- 
responding simplectic structure and deformed and extended bilinear product 
B. Correpondance between classical functions and quantum operators would be 
provided by Weyl quantisation. An equivalent formulation of noncommutative 
adelic QM by the triple {L- 2 {Ae), IIQ(z), Ueit)), does not seem to have principles 
obstacles. In this approach an adele of coordinates xa would be replaced by a 
serie of noncommutative operators xa, where adelic properties of corresponding 
eigenvalues is still “conserved” . 

Now, we has to consider a p-adic and adelic generalization of the Moyal 
product. Let us consider classical space with coordinates x^,x^, Let 

/(x) be a classical function /(x) = /(x^, x^, • • • , x^). Then, with the respect to 
the Fourier transformations and the usual Weyl quantization, we have 

/(x) = f dk Xoo{-kx)f{k) = /(x). (21) 

Let us now have two classical functions /(x) and g{x) and we are interested in 
operator product f{x)g{x). In the real case this operator product is 

J dkdk' Xcoi-kx)xco{-k'x)f{k)g{k'). ( 22 ) 

Using the Baker-Campbell-Hausdorff formula, the relation (1) and then the co- 
ordinate representation one finds the Moyal product in the form 

if*g){x)= f f dkdk' Xv(-{k + k')x+lkik'/Af{k)g{k'). (23) 

Jq^ V ^ / 

Note that we already used our generalization from Qoo to Qw In the real case 
we use ki — ^ — (*/27r)(d/dx®) and obtain the well known form (/ g){x) = 

Noo f(y)ffi^)\y=z=x- In the p-adic case such an straightforward 

generalization is not possible (but, some kind of psudodifferentiaton could be 
useful) . Thus, as the p-adic Moyal product we take 

{f*g){x)=[ [ dkdk' Xp{-{x'ki+x'^k'-) + ^kik'jffA)f{k)g{k'). (24) 

We can writedown the adelic Moyal product of “classical” adelic functions = 
(/ooj f‘2-, •••■, fpi •••): 9 A ( 5^007 9‘2i •••: 9p: ••*) ^ ^ IlpG'S' ^ ’^P 

{f*g){x)=[ [ dkdk' x{-{x'ki+x"k'A + Akik'je'")fA{k)gA{k') (25) 

Jad Jad 2 
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Taking into account (5), (22) and the property of the Fourier transform of fl 
function, one has 



= Xoo 



d d 
2 ( 27 t )^ dy^ dz^ 



7 ) fiy)giz)\y=^=a, 



T] / dkdk' Xp{-{x''ki + x^k',) + -kik',0'-^)fp{k)(jp{k') 

n f.. dkdk' Xp{—{^'ki x^ k'j) + —kik'^O''^) . 






(26) 



It can be shown that if for all p, (p{x) = S?(x), the adelic Moyal product becomes 
real one. 
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Abstract. We present analytic results for the three loop heavy top quark contributions 
of the electroweak p parameter. The calculation is carried out using the standard model 
lagrangian with vanishing gauge couplings. Within this gaugeless limit the masses of 
the Higgs boson Mh and of the top quark rnt are the single relevant mass scales. In 
the present calculation [f] we have investigated the behaviour of the p parameter in 
the limit of a Higgs mass equal to zero. 



1 Introduction 



The standard model predicts heavy top quark corrections in the low energy limit 
of four-fermion processes by means of virtual effects in the W and Z boson self 
energies [2] . The precise knowledge of such heavy particle effects is important in 
the context of searches for small effects originating from Higgs bosons or possible 
contributions from new physics. 

The heavy top quark corrections to the W and Z self energies emerge in 
particular in a deviation of the so called p parameter from the tree level result. 

The p parameter is usually defined by the ratio of neutral current to 
charged current J‘^‘^ at zero momentum transfer: 



1 

1 - Ap ^ jcc(o) • 



( 1 ) 



is given by the Fermi coupling constant Gp determined from the p decay 
rate and is measured by neutrino scattering on electrons or hadrons. 

This definition of the p parameter is not process independent as the radiative 
corrections depend on the value of the h}q)ercharge of the particles involved in the 
studied processes. However, the leading terms in the yukawa coupling are process 
independent and can be related to the transversal parts of the self energies of 
the exchanged vector bosons W and Z by 



^ c2 M|-ir|^(0) ■ 

Here c = M^/M| represents the cosine of the weak mixing angle, defined in 
the standard on-shell scheme. Corrections from vertex and box diagrams always 
involve extra powers of the weak coupling constant g^eak and are therefore sup- 
pressed by powers of g^eakl Oylkawa^ i-e- Mwl'mt. 
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Within this formula iT|T^(0) and (0) can be taken as the bare irre- 
ducible graphs. In this form the results would appear infinite, but these infinities 
are canceled by the Higgs mass, top mass and W boson mass renormalization. 
Up to the two loop level the leading yukawa coupling correction to p can be 
expressed in a number of equivalent ways, i.e. in terms of G'prn^ or mj /M^. At 
the three loop level one must be more precise. At this level the difference be- 
tween low energy parameters and on-shell vector boson masses plays a role even 
in the leading mj effects. In the following the final result is expressed in terms 
of the on-shell top mass and the low energy Fermi constant Gp from /r-decay. 

An outline of the calculation, including a short discussion of the renormal- 
ization, is given in the next section. In Sect. 3 we present our current results. 



2 Treatment of Diagrams and Renormalization 

In the investigated limit Mh = 0 we are able to treat all particles besides the top 
quark as massless. Due to this fact we are faced with different types of diagrams 
containing just a sole mass scale. As stated in equation (2) the leading top mass 
contributions to p stem from the transversal part of the W and Z boson self 
energy. We have calculated the relevant three loop self energy diagrams using 
an asymptotic expansion [3] with respect to the small external momentum. 

The second class of diagrams we had to deal with were on-shell self energy 
diagrams of the Higgs boson and the top quark. As far as the mass renormal- 
ization of Higgs boson is concerned the diagrams were computed in the limit 
of vanishing external momentum. In addition, this mass renormalization is only 
needed up to the one loop order in our calculation. By contrast, the mass renor- 
malization of the top quark in the on-shell scheme leads to two loop on-shell 
diagrams. As these diagrams contain only one mass scale, they can be computed 
by using the packages TARCER [4] and 0NSHELL2 [5]. 

The renormalization of the vacuum expectation value of the Higgs field is 
fixed by the requirement of vanishing Higgs tadpoles. It also influences the Higgs 
mass renormalization and the mass renormalization of the goldstone bosons. We 
need this renormalization constant up to two loops and the computation of the 
tadpoles is straightforward. 

The whole calculation is done using dimensional regularization and anti- 
commuting 75 . This prescription preserves the Ward-Takahashi identities which 
relate the self energies of the gauge bosons to the non-diagonal self energies 
of the gauge-to-goldstone and the goldstone boson self energies, as we checked 
explicitly. 

Throughout this computation we have used several computer programs and 
packages. The diagrams were generated using QGRAF [6] and the asymptotic 
expansion in limit of a large Higgs mass was performed by EXP [7]. The resulting 
three loop integrals were evaluated with the help of the program packages MINCER 
[8] and MAT AD [9] written in FORM [10]. 
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3 Results 



We have reproduced the one and two loop results for the p parameter at orders 
Gp, G^p and Gpag that can be found in [2,11,12,13]- Providing a better survey 
we are parameterizing the radiative corrections to Ap as 

Ap = n-c Xj, + n-c xl ( 19 - 12 Q ) 

7T \ I J P 



Here xt is the typical parameter of the problem given by 



Xt 



Gpmj 

8V27t2 



3.2- 10 



3 



(4) 



and as is the strong coupling constant. In addition n-c represents the number of 
quark colours and Gp = {n^—l)/{2nc) is the casimir operator of the fundamental 
representation of the quark colour group. In the limit Mh = 0 the analytical 
results for the leading top mass contributions to the p parameter are given by 
[ 1 ]: 



Ap^ 



Ucasxl) 



— - 48C2 ln2 - 48C2 In^ 2 - — C 2 + 29 Ca - 102 C 4 
3 6 

+ 27V3C12 +81n‘^2+ 192Li4 (5) 



/ipKa;? ) ^ 68 + 96 C 2 In 2 + 288 C 2 In^ 2 + 6 C 2 - 396 C 3 + 657 C 4 

+ 108V3 CI 2 - 216 C\l - 48 In*^ 2-1152 U 4 ( 6 ) 



Zip' 






6572 

15 



1472 

15 



C 2 + 440 C 3 — 



— V3C12 
5 ^ 



(7) 



where ([„ is used for the values of the Riemann ([-function at n. The abbreviation 
CI 2 stands for C12(7 t/ 3) = Im[Li 2 (e®^/^)] where Li 2 and Li 4 represent the Di- and 
Quadrilogarithm respectively. Numerically we find 



Zip = 3xt - 2.2176x2 249.74 xf 

-8.5797 — xt + 0.9798 — x2. (8) 

7T 7T 

The pure electroweak three loop contribution leads to a correction of 36% of 
the two loop result to the p parameter. In contrast, the order ag xj. yields an 
enhancement of about 4% in comparison with the order x^ and is therefore 
negligible. 

The program packages mentioned above allow for an extension of the pre- 
sented analysis to the case of Mh = nit and the limit Mh ^ nit- Analytical 
results for the corresponding three loop contributions will appear elsewhere [14]. 
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Abstract. The AS = 2 transitions of the B mesons in the Standard Model are very 
rare. We investigate the three - body — s- K^tv^ and two - body B^ — s- K*^ K*^ , 
B^ — s- K^K'^, B^ — s- K*^K°, B^ — s- K*° decays in the Standard Model and in 

the Minimal Supersymmetric Model with and without TZ parity conservation. All five 
modes are found to have branching ratios of the order of 10^^®— 10^^^ in the Standard 
Model, while the expected branching ratio in the different extensions vary between 
10^® — 10^®, for a reasonable set of assumed parameters. 

The rare B meson decays are very important in current searches of physics 
beyond Standard Model (SM) at low energies [1]. Recently, the decays b — ^ ssd 
or ^ dds have been analyzed [2,3,4] to investigate possible effects of new 
physics. As shown in [2], the b — ^ ssd transition is mediated in the standard 
model by the box-diagram and its calculation results in a branching ratio of 
nearly 10^^®, the exact value depending on the relative unknown phase between 
t, c contributions in the box. The authors of [2,3] have calculated the b — ^ ssd 
transition in various extensions of the SM. It appears that for certain plausible 
values of the parameters, this decay may proceed with a branching ratio of 
10^® — 10^^ in the minimal supersymmetric standard model (MSSM) [3]. Thus, 
decays related to the b ^ ssd transition which was calculated to be very rare in 
the Standard Model, provide a good opportunity for investigating beyond the 
Standard Model physics. Moreover, when one considers supersymmetric models 
with 7^-parity violating couplings, it turned out that the existing bounds on the 
involved couplings of the superpotential did not provide any constraint on the 
b — ^ ssd mode [2]. Recently, the OPAL collaboration [5] has set lower bounds on 
a combination of these couplings from the establishment of an upper limit for 
the ^ decay BR{B^ — ^ K^ty^) < 8.8 x 10^®. The BELLE 

Collaboration has lowered this limit to 3.2 x 10^® [6]. 

Here we describe an investigation of this decay mode in MSSM, with and 
without TZ parity and two Higgs doublet models as possible alternatives to the 
SM. Then we comment on another possibilty for the observation of the b — ^ 
ssd transition: the two body decays of B^ . First, we proceed to describe the 
framework used in our analysis in which we concentrate on MSSM, with and 
without TZ parity and two Higgs doublet models. 

The minimal supersymmetric extension of the Standard Model leads to the 
following effective Hamiltonian describing the b — ^ ssd transition [2,7] 

= CMSSM{s^^dL)is^fibL), ( 1 ) 
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where we have denoted 

Cmssm = — 216m^^ [24 x/g(x) + 66/6(x)] (2) 

d 

with X = and the functions feix) and feix) are given in [7]. The cou- 

plings Sfj parametrize the mixing between the down-type left-handed squarks. 
At the scale of b quark mass and by taking the existing upper limits on Sf^ 
from [7] and [2] the coupling Cmssm is estimated to be \Cmssm\ < 1.2 x 10^® 
GeV^^ for an average squark mass rn^= 500 GeV and x = 8, which leads to 
an inclusive branching ratio for b — ^ ssd of 2 x 10^^ [2]. The corresponding fac- 
tor calculated in SM, taking numerical values from [8] and neglecting the CKM 
phases is estimated to be ICsmI — 4 x 10^^^ [2], 

The authors of [2] have also investigated beyond MSSM cases by including 
R- parity violating interactions. The part of the superpotential which is relevant 
here is IT = Xdi^LiQjdk, where i,j,k are indices for the families and L,Q,d are 
superfields for the lepton doublet, the quark doublet, and the down-t}q)e quark 
singlet, respectively. Following notations of [9] and [2] the tree level effective 
Hamiltonian is 

^ [K:i-2K-2li«RbL){sLdR) + XM2iX'*-M{sRdL){sLbR)]. (3) 

m ~ 

n 

The QCD corrections were found to be important for this transition [10]. For our 
purpose it suffices to follow [2] retaining the leading order QCD result /qcd — 2, 
for m/> = 100 GeV. 

Most recently an upper bound on the specific combination of couplings en- 
tering (12) has been obtained by OPAL from a search for the ^ 
decay [5] CQ = J2ni\K32K*2i? + 1^21^32?^^'^ < Here we take the order 
of magnitude, while the OPAL result is 5.9 x 10^*^ based on a rough estimate 
r{B- ^ K-K-7r+)22l/4: r{b^ssd). 

We proceed now to study the effect of Hamiltonians (9), (12) on the various 
AS = 2 decays of charged B - mesons. In order to calculate the matrix elements 
of the operators appearing in the effective Hamiltonian, we use the factorization 
approximation [12,13,14], which requires the knowledge of the matrix elements 
of the current operators or the density operators. Here we use the standard form 
factor representation [12,13] of the matrix elements described in detail in [4,16]. 

For the Fi and Fo form factors appearing in the decomposition of the ma- 
trix element of the weak current between two pseudoscalar states, one usually 
assumes pole dominance [13,15]. For the vector and axial vector form factor, 
appearing in the decomposition of the matrix element of the week current be- 
tween the vector and pseudoscalar states, we use again pole dominance [13,15]. 
The relevant parametrs are taken from [12,14] Fq^{0) = 0.38, Aq^*{0) = 0.32. 
For the calculations of the density operators we use derivatives of the vector or 
axial- vector currents [16]. In our numerical calculation we use fx = 0.162 GeV, 
3k* = 0.196 GeV^ [14]. Now we turn to the analysis of the specific modes. 
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We denote O = (57^(1 — 75)^) («7^(1 — 75)^), and then we use H = CO 
with C being I/ACmssm, [16]. Using factorization and introducing 

s = {j)g — kiY , t = {j)g — ^2)^ = and u = {p^ — one finds for the 

^ decay 



{K {ki)K (A;2)7r+(p^)|C>|B {ps)) = {s)Ff^ {s)[m% + 2mj^ - s - 2t 



- m; 



(m| - m%)] 



+Fo^^{s)Fo^^{s) 



'-K 



-(m| -m^). 



( 4 ) 



Within MSSM the branching ratio is found to be 



BR{B- ^ K-K-tt+)mssm <4:.7 X 10-^, (5) 



while SM gives this rate to be 5.2 x 10^^*^. The MSSM which includes F parity 
breaking terms can occur in this decay. The matrix element of the operator 
Otz = (s(l ± l5)d) (s(l T 75)^) is found to be 



{K-ik,)K-{k2)7r+M\OT^\B-ips)) 



sKtt 



{s)k 









— m^)(m^ — nil' 



{nis - md){mb - 



( 6 ) 



Taking the values of the quark masses as in [12] nii, = 4.88 GeV, nig = 122 MeV , 
nid = 7.6 MeV and using the bound given above, we estimate the upper limit of 
the branching ratio BR{B^ — ^ K^K^Ti^)'n < 1.8 x 10^’^ for C'n < 10^*^. This 
limit is raised to 6 x 10^® for the upper bound on C'n of 5.9 x 10^*^ given in [5]. 

The long distance effects (LD) are usually suppressed in the B meson decays. 
However, in any search of new physics one has to include their contributions also 
[4]. In the case of B^ — ^ decay, we have analyzed two contributions [4]: 

(I) the box diagram, which is essentially the LD analog of the SD calculation in 
the standard model [2] of the b — ^ ssJ transition. (II) the contribution of virtual 
”T>°” and ’’tt®” mesons, via the chain B^ S- iL^”Zl®”(”7r®”) — ^ This 

contribution arises as a sequence of two AS = 1 transitions and may lead to 
final state as well. It is therefore necessary to have an estimate of 

its relevance vis - a - vis the ’’direct” AS = 2 transition. The box diagrams 
contributes to the real and imaginary part of the amplitude for the B^ — ^ 
decay. 

The final result for the decay rate is 



F{B- K-K-'k+) 



c{m,B-m,K) r(si)2 

ds2 I dsilMp, 



2(27r)332m| 



( 7 ) 



where 



(si 












)(«2 



^K> 



± X^/‘^{s2,ni%,m\)X^/‘^{s2,nil 



'-KJ 



( 8 ) 
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and A(a, 6, c) = — 2ab — 2ac — 2ab. The denotes the leading term 

of the amplitude, which results after using the primitive cut-off regularization: 

^ K-K-7,+ ) - ml). (9) 

There is obviously the uncertainty in the value to be taken for A. The momentum 
in the box cannot exceed ms, and by taking yl ~ 10 GeV we obtain 

BR(B- - 8 X (10) 

for the real part of this contribution, using F{B^ — ^ all) = 4 x 10^^^ GeV [8]. 
Turning now to the imaginary part of the B^ — ^ amplitude provided 

by the DD and Dn intermediate states, it is given by [4] 

^ K-K-7T+) = 

J d'^qAiqt - ™D)[d{{qi -ki- k2)^ - mjj) - 6{{qi - ki - ml)] 

{-qi + -2k2 ■ qiql + 2p^ • qiql A q\{m\ + 2A:i -p^ + m| - 2k2 ■ ps) 

+2p^ • qi 2 k 2 ■ qi + 2p^ • qi(-m% + 2 k 2 -ps) 

+2k2 ■ qi{mj^ + 2p^ ■ k^) + (-m| + 2k2 ■PB){'m\ A 2ki ■ p^) 

A{ki yy ^ 2 )}- (11) 

Introducing now Si = (ps-ki)'^ = (A;2+P7r)^ and S 2 = {pB~k 2 )‘^ = {kiAPi,)"^ 
one arrives at 

x{F'(m|,, si, S 2 ) - B{ml, si, S 2 ) + (si yy S 2 )}, (12) 



with 



B{mp, si, S2) 



A^/^(m|^,m|,,si) 
m'jj — m'p A «i 



"D 

3 



{-m% A m|)(2si - -m^ - -m^ - -S 2 ) + (si - m^)(-si + m^) 



+(si yy S 2 )}. (13) 

Using the expression for the decay width we find 

BR{B- K-K-p+)^°'^^ - 6 X 10 - 12 _ (^ 4 ) 

The part of the decay amplitude due to the ”T)0” pole is then given by 

a^^!,%b- ^ K-K-7V+) = 



^ \ ('^B - - Bi'k) 



xF,^^{mi,)Fl/^{ml)- 



q^ - mjj A imoBD 



(15) 




AS = 2 Decays of B Meson 



41 



The decay width due to this contribution is given by 



r{B- R-R- 






Amu-mKf (^1 _g)2(g_^^)2 



R\2 



{niDroY 



;iAV2(, 



s, m^g, m' 



1)aV2( 






), 



(16) 



with (7 = {G''^ /2)VcbV*^VcdV*^af’'^a^i'^ fKf-K, for the resonance in a s channel and 
the same for the resonance in a crossed channel. 

Using for af\ alf \ and the value of Bauer, Stech and Wirbel [14] 

we calculate the virtual ”T)0” contribution by deleting a width of 2Zi around D 
mass in the s variable. The size of A is related to the experimental accuracy of the 
D - determination in the final R~n^ state. In the various experiments it ranges 
between 1 and 10 MeV. One should keep in mind that average accuracy of 14^ 
- mass determination is 0.5 MeV [8]. Thus, in order to delete the physical 14° ’s 
one must take at least Zl = 1 MeV. However, we shall check the Zl dependence 
for a range of values to make sure that our conclusions are not affected. 

For A = 20, 5, 1, 0.1 MeV we find the nonresonant Z4° contribution to be [4] 



BR{B- ^ R-R-tt+)P°j!,!^ = {OM; 1,2; 6.2; 61) x 10-^°. (17) 



In all cases the result is much smaller than (13), though one should remember 
that Zi = (1 — 5) MeV is the realistic option. A similar calculation for 7 t° inter- 
mediate contribution, i.e. B^ S- Ar^”7T°” ”7 t°” — ^ R^n^ yields a value smaller 
by four orders of magnitude, especially as a result of CKM angles. The pole 
contribution is therefore considerablly smaller than the LD box contribution 
calculated with DD and Dn intermediate states; thus the total branching ratio 
from all diagrams we included is [4] 

BR{B- ^ K-K-Tr+)LD = 6 X 10-^^. (18) 



As a check, we used our amplitude to calculate B — ^ iF iF 7 t+ as given 

by decay via a physical 14° and we find a branching ratio of 7 x 10^°. This agrees 
very well with the experimental expectation of (9.9 ± 2.8) x 10^°, obtained by 
using BR{B^ S- D^R^) = (2.57±0.65±0.32) x 10^*^ and BR{D^ S- R^ti^) = 
3.85 X 10^2 [8]. Therefore, we have shown that the long - distance contributions 
to B^ — ^ R^R^n^ in the SM are smaller or comparable to the short - distance 
box diagram, and have the branching ratio in a 10^^2 _ range. This is a 

most welcome feature since it strengthens the suitabilty of the B^ S- R^R^n^ 
decay as an ideal testing ground for physics beyond the standard model, as 
originally suggested in [2] . 

We briefly discuss the various two - body AS = 2 decays of B^ meson. Using 
factorization and the definitions given above, one finds the following helicity 
amplitudes for the B^ S- R*^R*^ decay [16] 

Hoo{B^ K*^K*°) = CgK, {mB + )[«^f ) ~ PA2{'m\*)] (19) 
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^ K*-K*^) =CgK4^B +niK^)[aAf^ (m^»)] 



where 



l-2r^ 

Oi = — — , p : 



7 = (1 — 4r^ 



( 20 ) 



( 21 ) 



2r2 ’ ^ 2r2(l+r) 

with r = rrij^t /rris, k'^ = 1 + r*^ + — 2r^ —2t^ — 2r'^t^ . The decay width is then 



r{B- -g K*-K*°) = -^[\Hoof + + Iff— 12], (22) 

oTTTTl ^ 

Within MSSM model the branching ratio becomes < 6.2 x 10^®, while SM gives 
this rate to be 6.8 x 10^^*^. The TZ - parity term described by the effective 
Hamiltonian cannot be seen in this decay mode when factorization approach is 
used, since the density operator matrix element (ff*'^|(sd)|0) vanishes. 

Turning now to ^ PV decays we have 

{K°{ko)K*-{k^,e)\0\B-{pB)) = -2mK.fKA^^\m\,y -ko. (23) 

Denoting the B~ — ^ K^K*^ decay amplitude by ^4, one finds 

( 24 ) 



with the \{a,b,c) = + b'^ + — 2{ab + 6c + ac). The branching ratio is 

straightforwardly found to be BR{B^ — ^ K*^K'^)mssm < 1.6 X 10 which is 
comparable to the SM prediction of [12] for the AS = 0 B^ — ^ K*^ K° decay, 
given as BR{B^ — ^ K*^K^^) = 1 x 10^^, 5 x 10^^, 2 x 10^^ obtained for the 
number of colours TV^ = 2, TV^ = 3, TV^ = oo, respectively. 

The SM calculation for the AS = 2 transition leads to BR{B^ — ^ K*^ K^)sm 
= 1.7 X 10^^*^ [16]. The MSSM which includes TZ parity breaking terms can occur 
in this decay. The matrix element of the operator = (s(l +75)d) (s(l —75)6) 
can be found to be [16] 



{K%ko)K*-ik_,e)\OB,\B-{pB)) 



m^fK 



{rris + md){ms + nib) 



{2mK--te* ■ ko)AQ 



(25) 



Taking the values of the quark masses as in [12] nib = 4.88 GeV, nig = 122 MeV , 
nid = 7.6 MeV and using the constraint on the 77 parity breaking parameter 
Cjd < 10^*^, we obtain the estimation of the upper limit of the branching ratio 
BR{B^ — ^ K*^K°)'b, to be 4.4 x 10^®. This limit is raised to 1.5 x 10^® for the 
upper bound on of 5.9 x 10^*^ given in [5]. For the other possible VP decay 
with AS = 2 B^ — t K^K*'\ the relevant operator is 

{K*°{ko,e))K-{k_)\0\B-{pB)) = 2gK^.fKP?^*{m\,)V -k_ (26) 
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giving the branching ratio in MSSM with an upper limit 

BR{B- ^K-R*°)mssm <5.9x10-^ (27) 

in comparison with SM result 6.5 x 10^^*^. 

Finally, for the ^ PP case one has 

{K°{ko)K-{k^)\0\B-{pB)) = - m\). (28) 

The multiplication with the corresponding 1/^Cmssm gives the required ampli- 
tude A. The branching ratio is then 

r{B- ^ K-K^) = (29) 

The branching ratio for MSSM is found to be BR{B^ — ^ K^)mssm < 

2.3 X 10^®, in comparison with the 2.5 x found in the SM. The matrix 

element of the R parity breaking MSSM operator leads to the decay width 

P{B- ^ K-K%^ = -4m^|(K-K°|0(i)|B-)/4|2 

B 

^ ^4 (y~! l^n32^»2lP + I^n21^»32p) (30) 

^ i=n 

where we have used = {s^^d){sb) [16]. The corresponding branching ratio 
BR{B^ — ^ K^K°)b, can be as large as 3.3 x 10^®. 

One might wonder if the long distance effects are important in two - body 
AS = 2 B^ decays. We have estimated the tree level contribution of the D{D*) 
which then goes into K{K*) via weak annihilation. We found that these con- 
tributions give a branching ratio of the order 10^^® and therefore they can 
be safely neglected. One might think that the exchange of two intermediate 
states D{D*), K{K*) can introduce certain long distance contributions. In de- 
cay B S- ”B” ”iF” — ^ ”iF” ”iF” the first weak vertex arises from the decay 
B S- ”B” ”iF” and the second weak vertex (see e.g. [4]) can be generally ob- 
tained from the three body decays of D S KKK. Therefore, we are quite 
confident to suggest that the long distance effects are not important in the two 
- body AS = 2 B decays. 

At this point we have to emphasize that although in principle two body 
decays would appear to be simpler to analyze, there is the process of 
mixing which complicates the possibilty of detection. 

We can summarize that in the B^ — ^ and two - body B^ decays, 

the MSSM with the chosen set of parameters gives rates of the order 10^® — 
10^®, while the TZ parity breaking terms in the MSSM can be seen only in 
the B^ S- B^ — ^ K*^K^ and B^ S- decays. Presently, 

the experimental limit on allows these modes to have branching ratios as 
high as 10^®, mainly due to possible 77-parity terms in MSSM. Turning to the 
possibility of detecting these decay modes, the B^ — ^ seems to be the 
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best candidate, since in the other modes we discussed, having in the final 
states complicates the possibilty of a detection because of —K^ mixing [16]. 

Thus, among the AS = 2 decay modes of the meson, the ^ 
decay is the ideal candidate to look for physics beyond SM, while B^ — ^ 

B~ — ^ K~K*^ decays offer this possibility too, although for a more restricted 
set of models. 
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Abstract. HERA-B is a fixed target experiment at DESY(Hamburg). The target 
consists of 8 thin wires of various materials inside the HERA proton beam. The trigger 
is primarily designed to select J/i/> — s- events. The detection of both charged and 

neutral tracks permits reconstruction of excited charmonium states such as Xo, flc, 
he and therefore allows studies of their production mechanism. The acceptance of the 
detector covers the largely uncharted region of negative xp as well as the more common 
positive xp. The negative xp acceptance and the variation of target material allows a 
systematic study of nuclear suppression models. 

The potential of HERA-B for measurements of charmonium production as well as 
preliminary results of data taking in the year 2000 are presented. 



1 Introduction 

The charmonium system and its production in hadronic collisions has recently 
attracted considerable attention from both theoretical and experimental sides 
due to two different problems, namely, understanding of the production mecha- 
nism and the influence of the nucleus on production rates. 

The production mechanism includes the creation of a cc pair in the inter- 
action of gluons and/or quarks and the formation of a charmonium state from 
an unbound pair. The first step is calculated in pQCD. However the process of 
formation of the bound state is not understood. Three different models compete 
to describe production of heavy quarkonium: the Color Singlet Model (CS'M)[1], 
non relativistic QCD {NRQCD)\2\ and the Color Evaporation Model (CBM) [3]. 
To distinguish between the models new measurements are required, such as the 
production rates of all charmonium states below DD threshold as a function of 
transverse momentum the Feynman variable xp"^, and the polarization. 

The production rate is also influenced by the presence of the nucleus. The 
(anti)nuclear shadowing[4], energy loss[5], or an intrinsic charm component[6] 
affect initial parton density distributions. Those effects influence also other pro- 
cesses, e.g. Drell-Yan production. The absorption of the produced cc by the 
nucleus [7], comovers [8], or energy loss by the cc pair [9] have been claimed to be 
responsible for the observed charmonium suppression. 

It has been suggested that the change in the production rate of charmonium 
due to the presence of the nucleus factorizes with the production mechanism and 

^ Xp is the longitudinal momentum fraction xp =Pz/pT°'^ in the c.m. system. 



Josip Trampetic and Julius Wess (Eds.): LNP 616, pp. 45—52, 2003. 
(c) Springer- Verlag Berlin Heidelberg 2003 




46 



Olga Igonkina 



can be expressed by the function 



(TpA — ^‘pN ' ^ j (1) 

where <TpAr is the production cross section of a given state in proton-nucleon 
interactions and A is the atomic mass of the nucleus. The parameter a represents 
the combination of different nuclear effects. To distinguish between models one 
could study the dependence of a on [10]. As was shown in [11] the Xc states 
are more sensitive to nuclear effects than J/tp or ip'- 

Measurements of the hadro-production of different charmonium states are 
available only for J/'tp and ip' and only in the positive xp region. Measurements 
of the fraction of J/'p produced via Xc states are very limited. No measurement 
of the nuclear dependence of Xc production is available. 

2 Detector 

HERA-B is a fixed target experiment located at the HERA proton storage ring 
at DESY (Hamburg) . The energy of the proton beam is 920 GeV which gives 
the energy in the c.m. frame a/s = 41.6 GeV. The target consists of 8 wires 
of different materials, namely G, Al, Ti, W. During operation, the wires are 
inserted into the halo of the beam. Good resolution of reconstructed vertices 
allows for separation of the primary interactions between the different wires. 
The interaction rate varies in the range 5-20 MHz. At 5 MHz interaction rate 
one event contains in average 0.5 primary interactions distrubuted according to 
Poissonian statistics. 

The detector scheme is presented in Fig.l. The tracker consists of 3 parts : a 
silicon vertex detector, micro strip gas chambers (the inner tracker) and honey- 
comb drift chambers (the outer tracker). The 2.2 Tm magnet is positioned in the 
middle of the spectrometer and gives a 0.64GeV/c transverse momentum kick 
to the charged particles. Particle identification devices include a ring imaging 
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Fig. 1. The HERA-B detector 
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Cherenkov counter (i?ICH), an electromagnetic calorimeter and a muon system. 
A detailed description of the detector can be found elsewhere [12]. 

The detector covers a large pseudo-rapidity interval r] € [2, 5], corresponding 
to the interval [—0.4, 0.3]. During the year 2000 run the inner part of the 
tracker was not in use and therefore the coverage of detector was restricted to 
e [-0.4,0.!]. 

The detector allows complete event reconstruction including the neutral par- 
ticles 7 and Therefore, HERA-B can search for excited charmonium states 

such as Xc, ??c — t T/V’ + 7, -0^ — t J/V’ + tttt, hc{^ Pi) ^ J / ip + . 

The cross section for J/ip production is small compare to the inelastic cross 
section = 3- 10^®. HERA-B uses a J/-0 oriented trigger which selects 

lepton pairs e+e^, fiP fiT with a high invariant mass. Tracks with hits in at least 
three muon superlayers are classified as muon tracks. The transverse momentum 
of muons is required to be greater than 0.7 GeV/c. For the electron trigger the 
transverse energy deposited in the calorimeter by each candidate is required to 
be greater than 1 GeV/c. HERA-B also makes use of triggers of other kinds (e.g. 
hard photon or single lepton triggers) which are not discussed in this article. 

3 Analysis 

The year 2000 data were collected in parallel with commissioning of the detector. 
Only the carbon and titanium wires were used. The collected sample consists 
of about 16 • 10® events with varying trigger conditions. Among them we have 
reconstructed approximately 4000 J/'tp — ^ jiP jiT decays and 10® J/'tp — ^ e+e^. 
The detailed analysis of the events included a precise calculation of track pa- 
rameters, a common vertex constraint, and particle identification. The muon 
identification included data from the muon system, RIGH, and tracker. Electron 
identification was based on the calorimeter and tracker information. To reduce 
background from hadrons, the presence of a bremsstrahlung cluster in the direc- 
tion of the track in front of the magnet was required for at least one of the 2 
electron candidates. 

The invariant mass distribution is shown in Fig. 2. The main background 
contribution is due to random combinations of hadrons misidentified as muons 
or electrons. The Drell-Yan contribution is estimated to be at the level of a few 
percent. The fraction of charm or beauty decays with 2 muons or electrons in the 
final state is negligible. The mass resolution a{Mpp) » 50MeV/c^, a{Mee) ~ 
130MeV/c^ agrees with the expectation based on full detector simulation. The 
larger width of the mass in the electron channel is explained by significant loss 
of energy in the magnet area which was not recovered. 

4 Preliminary Results 

The total cross section of J/ip production in p-C interactions was measured with 
a subsample of the J/ip — ^ e+e^ candidates. The obtained value is cr(J/'ip)tot = 
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Fig. 2. Invariant mass distribution (a) e+e , (b) 



403±52±103 nb/nucleon where we assumed nuclear dependence according to (1) 
with a = 0.94. A comparison of the HERA-B result with the measurements of 
other experiments is shown in Fig. 3. As the data were taken in parallel to detector 
and trigger commissioning, the data taking conditions were relatively unstable 
which results in a large systematic uncertainty. The results are in agreement 
with measurements of experiments E771[13] and E789[14], which ran at a similar 
c.m. energy. The prediction of NRQCD tuned at other energies is higher than 
the HERA-B measurement but it is closer to the data than the CSM prediction. 

The muon channel data was used to measure the p^, xp spectra of J/tp (see 
Fig. 4). The data were fit with functions used by E789: 



dA^ 

dpp 

dTV 

dxp 




b{i-\xp\r . 



(2a) 

(2b) 




Fig. 3. Measured total cross section of J/i/j as a function of the c.m.s energy 
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Xf Xf 



Fig. 4. Number of J/i/> observed as a function of for C and Ti data. The re- 

sults of E789[14] and E866[15] are normalized to the total number of J/ip observed by 
HERA-B 



The shapes of the distributions are determined by parameters po and c. The 
average transverse momentum < > is of interest to study < pr > broadening 

as a function of nucleus and ^/s [17]. Using (2a) it is determined as < pp >= 
357rpo/256. The HERA-B results are summarized in Table 1. 

The nuclear dependence of J/tp hadro-production can be extracted from the 
comparison of J/tp rates for p-C and p-Ti collisions. Using formula 1 we esti- 
mated the parameter a to be 1.027±0. 043 ±0.02 where the first error is statistical 



Table 1. Parameters of thepr and xp distributions of J/U • Only the statistical errors 
are shown 



Interaction 


Po 


< Pt > 


c 


p-C 


2.74 ±0.06 


4.16 ±0.03 


6.24 ± 0.48 


p-Ti 


2.90 ±0.09 


1.25 ±0.04 


6.31 ±0.60 
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Fig. 5. Difference of the invariant mass of (/+/ 7) and the mass of {l^l ) where I is 
electron or muon. The hatched histogram shows the invariant mass of J/i/t candidates 
and photons from the different events. 



and the second one is systematic. The value corresponds to the kinematic range 
of J/ip shown in Fig. 4. The result is in good agreement with more precise 
measurements of other experiments [15], [16] estimated for positive xp region. 

Figure 5 shows the Xc signal reconstructed in the Jj'ip-\-x channel for J/'ip can- 
didates within a J/'ip invariant mass window of 2 standard deviations. The data 
corresponds to interactions on the carbon wire. The photons from Xc recon- 
structed in the calorimeter with an efficiency (e.^) of 22%. The signal is seen 
both in electron and muon samples. The shifts of the mass signals from Xc are 
explained by the high occupancy of low energy clusters in the calorimeter, which 
increases the energy of the photon from Xc but hardly affects energetic leptons 
from J/V’ • The random combinations of J/V’ and photons from different events 
describe the background under Xc very well. Analysis of J/V' sidebands does not 
reveal any excess in the Xc mass region. The estimated fraction of J/-0 produced 
via Xci and Xc 2 is 0.42 ±0.12 where the major uncertainty is determined by the 
statistical error. A comparison of the FIERA-B result with other experiments 
and theoretical predictions is shown in Fig. 6. 

5 Outlook 

During the year 2002 we aim to collect about 10® J/-0 in both channels. Running 
conditions will be more stable than in the year 2000, therefore, the systematic 
error in estimation of the total cross section or in the ratio of J/-0 for different 
wires will be significantly reduced. The statistics collected will be enough to pro- 
vide a measurement of the nuclear dependence of charmonium hadro-production 
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Fig. 6. Comparison of the HERA-B results with theoretical predictions and the results 
of other experiments. The value of E771 is deduced from the published cross sections 
of cr(J/i/>)tot, cr(xci), o'(Xc 2 ). The references could be found at [18]. 



as a function of %>t and xp. li will be a first measurement in the negative xp 
region while the positive xp region can be used for comparison with E866 results. 

The fraction of J/V' produced via Xc channels is an important observable 
to distinguish between different models of J/-0 hadro-production and nuclear 
suppression. We expect to reconstruct of the order of 10® \c events which will be 
by far the largest sample of recorded Xc produced in proton-nucleus interactions. 
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Abstract. We analyze the algebra of observables and the physical Fock space of the 
finite Chern-Simons matrix model. We observe that the minimal algebra of observables 
acting on that Fock space is identical to that of the Calogero model. Our main result is 
the identification of the states in the 1-th tower of the Chern-Simons matrix model Fock 
space and the states of the Calogero model with the interaction parameter u = I -\- 1. 



1 Introduction 

It is well known that the canonical quantization of the system of particles in a 
strong magnetic field gives a natural realization of noncommutative space. A nice 
discussion of that physical situation is given by R. Jackiw in this proceedings. 
One can speculate whether it is possible to describe a real physical system - 
Quantum Hall fluid - using quantum field theory on noncommutative plane. 
It was conjectured [1] that the Laughlin state of electrons at a Ailing fraction^ 
1/k was described by the noncommutative version of the U{1) Chern-Simons 
theory at level k. The fields in that theory were infinite matrices corresponding 
to an infinite number of electrons on infinite plane. Later, Polychronakos [2] 
proposed a regularized version of the same model that could describe a finite 
number of electrons localized on a plane. The complete minimal basis of exact 
wavefunctions for the theory at an arbitrary level k and rank N was given in 
[3]. Using the properties of the energy eigenvalues of the Calogero model [4], an 
orthogonal basis for the Chern-Simons (CS) matrix model was identified [5]. 

The relation between the Calogero model and Quantum Hall (QH) physics 
was investigated using the algebraic approach [6,7] and the collective-field the- 
ory [8]. In [6] it was conjectured and then proved in [7] that one could map 
anyons in the lowest Landau level into the Calogero model, using the complex 
representation of the A^r-extended Heisenberg algebra underlying the Calogero 
model. On the other hand, it was shown in [8] that the correlation functions of 
the QH edge state and the Calogero model were related for the integer interac- 
tion parameter i/. Also, the relation between the Calogero model and the matrix 
model was established [9] . Finally, an interesting link between noncommutative 
CS theory and QH fluid was provided using branes in massive T}q)e HA string 

* talk given by L. Jonke 

^ Actually, it was shown by Polychronakos that owing to the quantum effects the 
corresponding filling fraction is l/(fc + 1). 
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theory [10]. Taking into consideration all these relations between the Calogero 
model, the matrix model and QH physics, one hopes that this intricate network 
of connections between the apparently different physical systems will provide 
useful insight into common underlying structure. 

2 Calogero Model 

First, we give a short overview of the Calogero model. The Hamiltonian of the 
(rational) Calogero model describes N identical particles (bosons) interacting 
through an inverse square interaction subjected to a common confining harmonic 
force: 



A 52 



N 



N 



It V U litu/ V 

2m dxj ^ 2 

i=i * i=i 



v{v — i)h^ 1 

( T.: 



2m 






(Xi - X,')2 ■ 



( 1 ) 



After performing a similarity transformation on the Hamiltonian (1), we obtain 
the reduced Hamiltonian acting on the space of symmetric functions: 



N 



N 



N 



\xi - Xj\''H \xi - Xj\ + Aq, 



( 2 ) 



i<j 



i<j 



where the ground-state energy is Ao = ujN[1 + {N — l)z/]/2. Here, we have 
introduced the creation and annihilation operators 



1 



N 



1 



di ^ J^ij) + ^Xi , 



V2 

1 






N 



= 7^ + or— 



. . / . X 7 

3,3T'i' ^ 



satisfying the following commutation relations 



[(2^, (2j] [(2^ , (2y] 0, [(2^, (2y] ^1 T ^ ^ij . 



( 3 ) 



( 4 ) 



The elementary generators Kij of the symmetry group exchange labels i and 
j. The Fock space representation is defined by aj|0) = 0 and AOjjO) = |0). The 
physical Fock space is defined by symmetric states = {n„, s^|o)}, 

where - are collective, -S'jv-symmetric operators. Then one can write 



N 

H' p 57^= |0), = [Eo+u;J 2 knk] [] |0) 

FLfc fe = l FLfc 



(5) 
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The S'jV" symmetric observables creating the symmetric Fock space satisfy 

the following commutation relations: 



[B^,B,,] = [Bl,Bl]=0, 

m — 1 N n — 1 N 






( 6 ) 



Including the observables of the type Bm,n = m + n < into con- 

sideration leads to the closed polynomial Lie algebra described in [If], 
The the observables B^ satisfy the following algebraic relation: 



[Bi ^ , [Bi^ [Bi^ ,Bl]..]]=n\\{ (7) 

a=l 

where I = M and ti, . . . , t„, n, = 1, 2, . . . , A^. The representation of algebra 

(19) in Fsym(i^) is completely characterized by the minimal set of the generalized 
vacuum conditions: 



B^BllO), =2fV(fVi/+l-i/)|0)„ 

B^sBI\ 0), = m[2{iy -if+jy- - 1) + A^V2]|0), = y|0)„ 

B^Bf |0), = bA{vB\B\ + [N+{N -2){v-l)+ y/27]4}|0)„ (8) 

One can show that all other generalized vacuum conditions can be calculated 
using the algebra (19) and relations (8). The action on on any state in the A'jy- 
symmetric Fock space, and all matrix elements of the form jx(0|(])([ -B"*)(n sj"0|0)jx 
are uniquely determined by (19) and (8). 

3 CS Matrix Model 

3.1 Introduction The Physical Fock Space 

Let us start from the action proposed in [2]: 

S' = j dt^Ti[eab{Xa + I [do, Xa]) Xb + 29 Ao - ivX'i } + (# - do!f) . 

(9) 

Here, do and X^, a = 1,2, are N xN hermitian matrices and is a complex N- 
vector. The eigenvalues of the matrices Xa represent the coordinates of electrons, 
do is a gauge field, and acts like a boundary field. We choose the gauge do = 0 
and impose the equation of motion for do as a constraint: 

-iB[Xi,X2]+^1'^ =B9. (10) 



The trace part of (10) gives 



= NB9. 



( 11 ) 
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Notice that the commutators have so far been classical matrix commutators. 
After quantization, the matrix elements of A„ and the components of W become 
operators satisf}dng the following commutation relations: 










( 12 ) 



It is convenient to introduce the operator A = y + iXQ) and its hermitian 

conjugate obeying the following commutation relations: 






\Aij^A, 



kl\ 



At At 
^ij’^kl 



0 . 



(13) 



Then, one can write the Hamiltonian of the model at hand as 

ff = ‘^(^+Tr(AU)) (14) 



A/"a being the total number operator associated with A’s. Upon quantization, the 
constraints (10) become the generators of unitary transformations of both Xa 
and ]!/. The trace part (11) demands that (the l.h.s. being the number operator 
for tf^’s) B0 = I be quantized to an integer. The traceless part of the constraint 
(10) demands that the wavefunction be invariant under SU (TV) transformations, 
under which A transforms in the adjoint^ and iP in the fundamental representa- 
tion. 

Energy eigenstates will be SU{N) singlets; generally, some linear combina- 
tions of terms with at least IN{N — l)/2 At operators and Nl 'I't fields. Explicit 
expressions for the wavefunctions were written in [3]: 



N 

i=i 



(15) 



where 

ct = (f (16) 

and Ajj|0) = tf'ilO) = 0. 

The system contains TV^ + TV oscillators coupled by TV^ — 1 constraint equa- 
tions in the traceless part of (10). Effectively, we can describe the system wih 
TV + 1 independent oscillators. Therefore, the physical Fock space that consists 

^ Note that as A transforms in the reducible representation — 1) -f 1, with the 
singlet Bi = Tr A, one can introduce a pure adjoint representation as Aij = Aij — 
SijBi/N. This slightly modifies the commutator (13), and completely decouples Bi 
from the Fock space. Physically, this correspond to the separation of the centre-of- 
mass coordinate as it has been done for the Calogero model in [11]. For the sake of 
simplicity, this will not be done here. 
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of all SU (A^)-invariant states can be spanned by + 1 algebraically indepen- 
dent operators: with n = 1,2, N, and . The operators 

foT k > N can be expressed as a homogeneous polynomial of total order k in 
{B\, . . . , S|/}, with constant coefficients which are common to all operators 
[14]. Since 

Tr |0) = BkC^^ |0) = 0, V/c, V/, (17) 

the state CTf^lO) = |0, /) can be interpreted as a ground state - vacuum with 
respect to all operators Bk- Note that the vacuum is not normalized to one, i.e., 
(0, /jo, /) ^ 1. The whole physical Fock space can be decomposed into towers 
(modules) built on the ground states with different 1: 

oo oo 

^=0 ^=0 

Clearly, the states from different towers are mutually orthogonal. 

The action of the Hamitonian (14) on the states in the physical Fock space 
is 

Hl[Bl--\0,l)=u; ^+J2kuk+l(^^'^ (18) 

and the ground-state energy is Bo{l) = uj[N'^ + IN{N — l)]/2. Comparing this 
result with the known one for the Calogero model (see (18)) we see that the 
spectra of the two models are identical provided 1 / = / + 1 . This has already been 
noticed in Refs. [9,5]. However, from the identification of spectra it only follows 

(If A’“)* i».') = E (ifi*;")"' 

where the r.h.s. of this relation is, in general, a sum of different terms of total 
order Af in the observables of the Calogero model. We use the same letter to 
denote observables in both models. In CS matrix model, = 'it A" and in 
the Calogero model, a", but from the context it should be clear what 

Bn represent. The vacuum in the CS matrix model is denoted as jO, 1) and the 
vacuum in the Calogero model is denoted as |0)j/. 

3.2 Algebraic Structure of the CS Matrix Model 

We restrict ourselves to the minimal algebra including only observables of the 
type Bn and Bj^, defined with the following relations (including corresponding 
hermitian conjugate relations): 

n 

. . ]] =n\ Y\iaBi-n, (19) 

a=l 

where I = 'AAA=i C and ip, . . . ,in,n = 1, 2, . . . , W. These relations can be viewed 
as a generalization of triple operator algebras defining para-Bose and para-Fermi 
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statistics [15]. The identical successive commutators relations (19) holds for the 
observables acting on the S'jy-symmetric Fock space of the Calogero model [11]. 
The action of Bk on any state in the Fock space is of the form: 

, , J\J' 

Bk n b}'^^ io> 0 = e (n ) io, o , at = e (20) 

i i 

In order to calculate the precise form of the r.h.s. of (9) we apply the hermitian 
conjugate relation (19) on the l.h.s. of (9) shifting the operator Bk to the right, 
at least for one place. We repeat this iteratively as long as the number of 
on the right from Bk is larger or equal to the index k. For k > one directly 

calculates a finite set of relations from (13), the so-called generalized vacuum 
conditions. We show that the minimal set of generalized vacuum conditions 
needed to completely define the representation of the algebra (19) on the Fock 
space is 

B2BI\0,1) =2N{N + IN -l)\Q,l), 

BgBtjO, 1) = 3A'[A'^ + 1 + 1{N - 1){2N - 1) + 1\N - 1)(A^ - 2)]|0, 1) = y\Q, 1), 
1) = 54{(; + 1)B\b\ + [N+{N- 2)1 + y/27]B]}|0, 1). (21) 

Namely, the operators B2, B3 and hermitian conjugates play a distinguished role 
in the algebra, since all other operators B„, B^ for n > 4 can be expressed as 
successive commutators (19), using only B 2 , B3 and their hermitian conjugates. 
Therefore, one can derive all other generalized vacuum conditions using (19) and 
( 21 ). 

The relations (19) and the generalized vacuum conditions (21) represent the 
minimal algebraic structure defining the complete physical Fock space represen- 
tation. Using these relations one can calculate the action of on any state in 
the physical Fock space, and calculate all matrix elements (scalar product) of 
the form (0, ^|(n-®r*)(n Bj^^)\0, 1), up to the norm of the vacuum. 

4 Results 

Our main observation is that the generalized vacuum conditions for the CS 
matrix model (21) and for the Calogero model (8) coincide for v = I 1. This 
follows entirely from the common algebraic structure (19) and the structure of 
the vacuum conditions. As we have already said, the algebraic relations (19) and 
the generalized vacuum conditions uniquely determine the action of observables 
on the Fock space, so we conclude that 

Bkil[Bt^)\0J) = Bfc(nB^)|0),+i, (22) 

and that all scalar products in can be identified with the corresponding 

matrix elements in the Fock space of the Calogero model: 

(o,^i(n^r)(n^]"oio,o= ui(oi(n^r)(n^]"oio)i+i. (23) 
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Note that the vacuum is unique in both models, so we set |0, /) = |0);^i, up 
to the norm. Now we can identify all states in with the corresponding 

states in + 1) as 

(n^?i”'=)io,o=(n^i”'“)io)Ni- (24) 

One can prove these results in different ways. For example, we can restrict our- 
selves to the subspace of the Fock space generated by {b\, and prove 

the relations (22), (23) and (24) in this subspace, by straightforward calculation 
and by induction. Then, using the algebraic relation (19) we simply generate 
the rest of the needed results on the full (physical) Fock space. The other way 
to obtain our result is to notice that from the equivalence of spectra it follows 
V = I + 1. Also, from the fact that the algebraic relations (19) hold for both 
models we know that the states in the Calogero model and the CS matrix model 
are identical, but we have no information on the relation between I and i/. The 
combination of these two results leads again to the identification of the states in 
F^yg(/) and Fgy(((,jj (/+!), (24). We point out that our algebraic proof of (22), (23) 
and (24) relies only on the identical algebra (19) and the identical minimal set 
of generalized vacuum conditions for both models, and not on the structure of 
their Flamiltonians. 

In conclusion, we have discussed the Fock-space picture in detail and eluci- 
dated the ^-representation of the CS matrix model. We have precisely formu- 
lated the connection between the states in the Fock spaces of the CS matrix and 
the Calogero model. We stress that although the models have similar Fock spaces 
and a common minimal algebraic structure, the complete algebraic structures 
are quite different. [18]. 
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Expectations for Charged Higgs in CMS 
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Abstract. Expectations for the production of the heavy charged Higgs in the CMS 
experiment are discussed in the associated production channel gb — tH^ with — ?■ 

Tiy and — s- tb decay and in the s-channel process qq' — s- with the — s- tv 

decay. The pp — s- tH^ + X, — s- tv channel with fully hadronic final state is found 
to be the most promising for the charged Higgs search at LHC. The expected discovery 
ranges are evaluated for CMS for the integrated luminosity of 30/6^^. 



1 Introduction 

While a variety of decay channels and final states have been shown to serve for 
the discovery of the neutral MSSM Higgs bosons at LHC [1] only few decay 
channels, mainly -X tv and ^ tb, seem to be useful for the search of 

the charged MSSM Higgs boson. However, the discovery of the charged Higgs 
is highly desirable in an early stage of LHC running as it provides the most 
straightforward way to disentangle between the SM and MSSM Higgs boson 
spectra. Here we discuss two SM decay modes and demonstrate that the charged 
Higgs can be found in a large part of the MSSM parameter space already with 
30 and a specially clean signature is expected in the the -X tv decay 
channel from pp ^ X as has been proposed in ref. [2] . 

If charged Higgs is light, mjj± < nitop, it can be produced in top decays 
through t — ^ H^b in the tt production. The expected discovery range using 
the — ^ TV decay channel has been shown to be for niA 160 GeV almost 
independent on tanf3 [3]. The main production processes for a heavy Higgs, 
nipp± > nitop, are the production in association with a top quark in gb — ^ 
and gg — t tbH^ processes and the s-channel production qq' — ^ . At low 

masses and large tan[3, before opening of the -p tb decay mode, decays 
almost exclusively to tv. Above the ^ tb threshold the branching ratio 

to TV decreases rapidly to about 10% at tanf3 10, the ^ tb is at 70% 
level and the SUSY decay channels start to dominate with increasing Higgs mass 
especially at low tanf3 values. The branching ratios at high tanf3 are found to 
be insensitive to the amount of stop mixing and the sign of the p parameter. 

The PYTHIA (version 6.1) [4] is used to generate the events for the associated 
production. The SUSY parameter spectrum used in LEP2 Higgs searches is 
assumed with Msusy = 1 TeV, M 2 = -p = 200 GeV, nig = 800 GeV and Xt =Q 
(no- mixing) or Xt = 2450 geV (maximal stop mixing) [5]. The polarized r decays 
are included using TAUOLA package [6]. The jets and the missing transverse 
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energy are reconstructed with the fast CMS detector response simulation package 
CMSJET [7]. For b-tagging the impact parameter method is used with tagging 
efficiencies from full simulation and reconstruction of the CMS tracker [8] . 

CMS experiment has developped an efficient hadronic r trigger, based on 
Level- 1 calorimeter selection, Level-2 electromagnetic calorimeter isolation [4] 
and a Level-3 tracking (isolation) [5]. This trigger, combined with a multi-jet 
trigger, will allow an efficient triggering and control of the background rates 
even for the fully hadronic final states discussed here. 



2 pp — ^ tH^ + X, Tiy 

The processes gb -g- and gg -g- tbH^ contribute to the production in associ- 
ation with a top quark at LHC. The first process has larger cross section but the 
calculation of the cross section is more difficult due to the large uncertainty of the 
b-quark structure function in the proton. The production cross sections of ref. 
[If] are calculated eliminating the double counting between the two processes. 
Event generation in PYTHIA is performed through the process gb -g- alone. 
The cross sections evaluated with the CTEQ5L structure fuctions for m^± = 
200 and 400 GeV at tanf3 = 40 are ^ 8 pb and 0.9 pb, respectively. The cor- 
responding cross sections from ref. [If] are 4.2 pb and 0.9 pb. For this work 
the Pythia cross sections are used although there is a significant disagreement 
relative to the theoretical calculations at low Higgs masses. 

The main backgrounds are due to the tt events with Wi — ^ ti/, W 2 — ^ qq', 
W + jet events with W ^ ti/ and Wt events with TEi — ^ ti/, W 2 — ^ qq' . When 
purely hadronic events are selected, the reconstructed transverse mass mxij — 
jet, A™*®®) has an endpoint at mw for the backgrounds, i.e. much below the 
endpoint for the signal. Since all these backgrounds contain the W ^ tv decay 
they can be reduced efficiently thanks to the t polarization when appropriate 
T selection cuts are used. A detailed discussion of the polarization effecs in 
-g- TV and -g- tv decay can be found in ref. [2] . 

The T+ from -g- T^v is produced in a left-handed polarization state. 
In the simplest case of t+ — ^ tt+P decay the right-handed v is preferentially 
emitted in the direction opposite to the r+ in the r rest frame to preserve the 
polarization. In the dominant tt background the t+ from the IE+ — ^ t^v decay 
is produced right-handed due to the vector nature of W forcing the v from 
T+ — ^ 7T+ overlinev to be emitted in the direction of the r+ in the t rest frame. 
Thus harder pions are expected from the decays than from the decays 
in the case of t decaying to one charged pion. 

The ^ TT^P decay represents a 12.5% fraction of the t decays. The 

one charged prong final states can also be produced through the ^ p^v 
and ^ a,fv decays with branching ratios of 26% and 7.5%, respectively. 
In these decays harder pions are produced from the longitudinal vector meson 
components relative to the background while the situation is opposite for the 
transverse components. As a consequenc e the polarization effects are smeared for 
the ^ p^v and ^ afv channels as compared to the t+ — ^ tt+P channel. 
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In order to suppress the backgrounds with real r’s more tlian 80% of the 
energy of the r jet canditate, reconstructed in the calorimeter in a cone of AR < 
0.4, is reciuired to be carried by a single charged pion, r = > 0.8. Figure 

la sliows the variable r for the signal events with m//±=200 and 400 GeV and for 
the tl events including all hadronic r det^ay modes. Efficiency of this r selection 
including the Jet Et threshold {E'[~^^^ >100 GeV) is ~ 8% for m//± = 200 GeV, 
~ 20% for mii± = 400 GeV whilst it is only 0.3% for the ft events. 




with = 200 and 400 GeV and for the ft events with H'”* — > ti/, b) Distribution of 
llie axiinutlial angle in the transverse plane between tlie r — jet and tlie vector 

with >100 GeV for mu± = 200 and 400 GeV and for tlie tJ events. 



To suppress further the potentially large W + jet and QCD backgrounds 
the mass of the associated top quark is reconstructed from a tagged b-]et and 
two other remaining jets. The efficiency for tagging a b-jet in the signal events 
is ~ 58% while the mistagging rate in the IF + jet events is ~ 2%. Further 
rediKdion of the tJ background is still possible using a veto an addidional jet 
with Et >40 GeV and \r)\ <2.5 or (and) a veto on the second top present in the 
tt events. For the reconstruction of the second top from the r jet, missing energy 
and one of the remaining jets the longitudinal component of the missing energy 
is first resolved from the IF mass constraint selecting the smaller of the two 
solutions for p^. Distribution of the relative azimuthal angle in the transvei-se 
plane between the r jet and the vector, A(p(T — jet, EJ"”*), is shown in 

Fig. lb for the signal with m//± = 400 and 200 GeV and for the tf events. The 
mass difference between IF and and the hard Et cuts > 100 

GeV), are reflected in the distribution which for the background events (with 
IF -¥ ru) is limited to small opening an gles. A cut in the A<f> angle {Aij Z, 60°) 
practically eliminates the low mass background. 

The distribution of the transverse mass from the r jet and the missing trans- 
verse energy = 2 pjmiss q — cos<f){T — jet, superimposed 

on the total background after the t selection cuts, top mass reconstruction, b- 
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Fig. 2. a) Transverse mass reconstructed from r jet and for gb — s- tH^ , — s- r;^ 

with TOjj±= 400 GeV and tanl3=A0 superimposed on the total background for 30 fb^^. 
b) the same as in a) but with the cut A4>(t — jet, > 60° and for mjj±=300 

GeV, tanl3=25 including the a fit with the function of (1). 



tagging and the jet and second top veto cuts is shown in Fig. 2a for m^± = 
400 GeV and tanf3 = 40. The signal component is well separated at high nix 
values from the bulk of the background events. The sharp endpoint of the nix 
spectrum allows to determine the Higgs mass in this channel. For this the nix 
distribution is fitted with the following 4-parameter function: 



mx 



Fa X 



D(z) 






■ dz 



'fit 



( 1 ) 



where D{z) is the t — ^ jet fragmentation function of the form D{z) ^ x 

(1 — 

Figure 2b shows an example of the fit for niff± = 300 GeV with tanfd = 
25, which is a point near the limit of the expected discovery range. The statis- 
tical precision of the mass determination is better than 2 % for tanfd >, 15 for 
this Higgs mass. The main source of the systematic uncertainty is the 
measurement presently under investigation in GMS. 



3 pp^ tH^ + X, ^ tb 

The — ^ tb decay channel profits from a large branching ratio for all tanfd 

values ('^ 70%) in the large Higgs mass range but extraction of the Higgs boson 
signal is difficult due to the background from tt production in association of jets 
{ttbb, ttcc, ttjj...). This channels relies heavily on an efficient b-tagging capability 
as at least 3 b-jets has to be detected to identify the event and to reconstruct the 
Higgs boson mass. The events are required to contain one isolated lepton from 
the decay of one of the top quarks, 3 tagged b-jets with Et > 30 GeV and two 
non-b-jets with Et > 20 GeV from W — ^ qq' decay. The leptonic and hadronic 
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Fig. 3. a) Reconstructed Higgs mass for gb — s- — s- tb with = 250 GeV 

and tanj3 = 30 superimposed on the total background for 30 fb^^, b) the same as in 
a) but for qq' — ?■ tu with niu± = 250 GeV and tanjS = 50. 



top are reconstructed. For the reconstruction of the leptonic top the W mass 
constraint is used. 

Figure 3a shows the signal for m^± = 250 GeV and tan(3 = 30 superimposed 
on the total background for 30 fb^^. The main background component is found 
to be the tt events with two mistagged light quark or gluon jets. The signal 
distribution contains contribution from both the leptonic and the hadronic top. 
This combinatorics may be reduced by selecting the correct top quark by ex- 
ploiting the somewhat harder pt distribution of the top from ^ tb decay. 

Due to the hard Et cuts applied the background is forced to peak in the signal 
region. Significantly softer Et thresholds could improve the background shape 
but may not be possible due to additional backgrounds entering and due to the 
triggering requirements. 

4 qq' — )■ — )■ riy 

The cross section for the s-channel production of the charged Fliggs at LFIC 
from qq' — ^ is comparable to that for the associated production but the 

signal is embedded in an overwhelming direct W production. Flowever, it is 
shown in ref. [12] that extraction of the Fliggs boson signal is still possible in 
the ^ Ti/ decay channel at high tanj3 values. The cross section is calculated 
to the next to leading order including the 2—^2 and 2—^3 processes [12]. 
The cross section has strong dependence on the light quark mass through the 
m^coE (3 + mjtan^f3 term. Assuming the Particle Data Group values [13] for 
the light quark masses the cross sections of 5 pb and 1 pb are obtained 
for tan[3 = 50 and m^± = 200 and 400 GeV, respectively. Event generation is 
performed with the TopRex Monte-Garlo generator [14] using PYTFIIA [4] for 
the fragmentation and TAUOLA [6] for the polarized t decays. 
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Main background is the direct W production with W ti/ decay. It can be 
efficiently reduced exploiting the t polarization requiring 80% of the r-jet energy 
to be carried by a single charged pion but remains still high under the signal 
component. Event selection for this channel is similar to the associated channel 
with ^ Tz/ decay except somewhat softer Et thresholds have to be applied 
for the T jet and for Figure 3b shows an example of the reconstructed 

Higgs mass superimposed on the total background for mff± = 250 GeV and 
tan[3 = 50 for an integrated luminosity of 30 fb^^. The expected number of 
signal events is 344 with a total background of 1756 events. 

In order to determine the Higgs mass in this channel the transverse mass 
distribution, mx(r — jet, E™*®), is fitted with the 4 parameter function shown 
in (1). In this case the form 2 ;® ® x (1.22 — is taken for the function D{z). 
For the background the exponential 4-parameter function nix = exp{ao + x 
niT + tt 2 X m|.) is used. 

The fits to the nix distributions of a Higgs boson with = 200 GeV 

yield for the expected statistical error of the Higgs mass measurement < 6% 
for tanfS > 15. The error expected for tanf3 measurement is 5 - 65% for 15 
< tanf3 < 50. 



5 Conclusions 

Figure 4 shows the expected 5(T-discovery region for the MSSM Higgs bosons 
in the m^, tanf3 parameter plane for 30 fb^^ in GMS. The parameter space 
excluded by LEP in the maximal mixing scenario is also shown in the figure 
[15]. For the charged Higgs in pp — ^ + X, -p tv the discovery range 

is for tanf3 % 15 around mA=200 GeV, for tan[3 >, 20 around mA=400 GeV 
and for tan(3 > 40 around mA=600 GeV. The ^ tb decay channel and 

s-channel process with ^ tv have smaller reach in niA, niA < 400 GeV and 
niA <300 GeV, respectively, with the lowest tanf3 values about 20 for ^ tb 
and about 15 for the s-channel process around m^=200 GeV. The reach for the 
fight charged Higgs in tt events is for niA % 160 GeV. 

For the ^ tv decay mode the t polarization, producing harder single 

pions from t decay when the t originates from ^ tv than in the case 

when the r is from the ^ tv can be used to reduce efficiently all the main 

backgounds, by demanding that a single pion carries more than 80% of the t 
jet energy. With fully hadronic final sates the transverse mass reconstructed 
from the r-jet and F™*®® has a quasi- Jacobian peak shape with an endpoint 
at nix ^ for the signal, and at nix ^ 'mw for the backgrounds. For 

pp -p + V, -P TV an almost background- free signal is expected limited 
by the signal production rate. The source of possible background are the large 
accidental measurement errors in ii,™*®® diluting the background 'nrix distribution 
towards large masses. B-tagging reduces the potentially large W + jet and QGD 
backgrounds and is a key element for the pp -p- + V, -P tb channel 

where at least 3 6-jets have to detected. Search for charged Higgs is a challenge 
for the LHG experiments requiring exellent tracking and calorimetry. 
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(GeV) 



Fig. 4. Expected 5cr-discovery limits for the MSSM Higgs bosons in CMS for 30/6 ^ 
assuming maximal stop mixing. 
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Abstract. The possibility to measure dimuons from T and J /'■]/ families, hard jets 
and photons produced in ultra-relativistic heavy ion collisions at LHC energies have 
been investigated. The simulations were carried out for the CMS detector. A strong 
correlation between the transverse energy gathered in the calorimeters and event cen- 
trality is observed. The invariant mass spectrum for Pb-Pb events is presented and the 
signal to background ratios for T and J/W masses are calculated. Expected statistics 
will be large enough to look for the correlations with centrality of events and transverse 
momentum of the resonance state. The jets and photons with Et > lOOGeV will be 
measured with good efficiency and purity. 7 -jet and Z-jet events give a good possibility 
to evaluate the energy losses of hard partons in dense matter. 



The primary goal of the heavy ion physics program on LHC (Large Hadronic 
Colider) is to study the plasma of quarks and gluons (QGP). The critical tem- 
perature for deconfinement ^ 170 — 260 MeV depending on the scenario is 
expected to be reached with heavy ion beams {E ^ 5.5 TeV/n-n) [1]. One of 
strongest signatures proposed as evidence for QGP is the heavy quark vector 
mesons suppression [2]. At the same time, the detection of the Z — ^ jiZ will 
provide a good reference to estimate the suppression as long as the point-like 
Z-boson is supposed to remain unchanged even at the very high energy densities 
expected [3]. The other hard probe of QGP is the jet production as the energy 
loss of the gluon(quark) in traversing dense matter leads to a quenching, i.e. a 
suppression of high Py^ jets. The dijet quenching and enhancement of the mono- 
jet/dijet ratio [4], as well as the study of jets in Z+jet [3] and 7+jet [5] channels 
are possible probes we intend to investigate. 

1 Compact Muon Solenoid (CMS) 

The CMS detector [6] was designed for the study of pp interactions, but some of 
its features provide in a unique way the possibility to search for the hard probes 
of deconfinement described above. 

CMS is very well suited to study the T family and to a lesser extent the J 
and E' . The detector will have large acceptance for muons covering almost five 
units in pseudorapidity from -2.4 to 2.4. The large magnetic field allows to put 
calorimeters at the distance of about 1.3 m from the beam pipe which reduces 
in this way the background in the dimuon mass spectrum due to pion and kaon 
decays. A resolution in dimuon mass near 0.5 % obtained thanks to the high 
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precision tracker detector. So the different states of the T and J/i' families can 
be resolved. 

The hadron and electromagnetic calorimeters are located inside coil and cover 
(including Very Forward Calorimeter) from -5 to 5 pseudorapidity units. Almost 
80% of transverse energy will be gathered in this rapidity range [7]. The design of 
calorimeters also allows to look for the hard jet production and the hard photon 
measurements in this wide pseudorapidity region. 

2 Vector Meson Production 

2.1 General Conditions for Background and Signal Simulation 

Hard processes (production of heavy resonances) are superimposed on the “ther- 
mal” background events. Resonances suppression in the dense matter is not in- 
cluded. The cross-sections for the hard events are rescaled from the pp ones 
according to: 

ctaa = X cTpp (1) 

with 0=0.9 for (J/%), 0=0.95 for (T). The cross-sections in pp collisions are 
evaluated using the PYTHIA [8] event generator and extrapolations from CDF 
data [9]. 

Soft particles (mainly pions and kaons) generated in the heavy ion collision 
are one of the important sources of background [10], dominating in the dimuon 
mass spectrum in the Pb-Pb central events. The crucial parameters are the 
multiplicity and the transverse momentum distribution of particles. 

The most pessimistic case is considered. We take 8000 charged particles per 
unit of rapidity in the central Pb-Pb collision, with a pseudorapidity shape dis- 
tribution according to HIJING [11]; for the transverse momentum spectrum the 
SHAKER [12] parametrisation is used. 

The next most important source of background for the dimuon spectrum are 
pairs from bb and cc decays, and the mixed cases where one muon is from the one 
source {tt/K,T decays) and the other from another source (semileptonic 66, cc 
decays), bb and cc decay events are generated with PYTHIA. 

Both “thermal” and hard events are passed through the full GEANT simula- 
tion of the CMS detector, including all material interactions with low thresholds. 

2.2 Dimuon Production 

Reconstruction Algorithm. One of the key issues in the CMS Heavy Ion 
program is to recognize real T— > pp in the condition of highly occupied tracker. 
Uncorrelated decays from soft pions and kaons are the main cause of mismatching 
muons and thus the main source of the false reconstructed pairs. 

A reconstruction algorithm [13] based on 5(f), Pt roads has been developed 
for the central rapidity region (jyj < 1.2). This algorithm allows to find and 
reconstruct heavy resonances with an efficiency varying from 90 % to 75 % de- 
pending on the event multiplicity (up to 8000 charged particles per rapidity unit 
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i.e. 60000 particles in the CMS tracker acceptance). At the same time it sup- 
presses uncorrelated pairs from pions and kaons by a factor of 6 times (Table 1) 
for \q\ < 0.8 and about 2 times for 0.8 < \q\ < 1.2. The other background sources 
mentioned above are also suppressed when compared to the hard events. 

The Z coordinate (longitudinal) of the primary vertex of the heavy ion event 
is determined with the two barrel pixel layers. The clusters obtained in the two 
pixel layers are combined to form track candidates, the transverse momentum 
of which is calculated assuming that the primary vertex transverse coordinates 
are (0,0). In order to increase the number of real tracks in the candidate sample 
only pairs with 0.5 GeV/c< Px <5 GeV/c are selected. For each pair the Z- 
coordinate of the primary vertex is estimated by extrapolating a straight line 
in the (r, z) -plane to the beam axis. The distribution of Z-coordinates of the 
intersection point with beam line is shown in Fig.l for two different particle 
multiplicities. The peak due to real tracks can easily be distinguished from the 
uniform back ground originating from fake (combinatorial) pairs. 
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Fig. 1. Distribution of Z-position of the primary vertex, a) dN^/dy =25 00, b) 
dN^ /dy=8000. 
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A fit of these distributions using the following function: 

F = exp{{Z — Z(}) /{2 X a"^)) + const (2) 

gives Zo = 5 cm and <t=140 pm (The events were generated at Z=5 cm.). 



Muon reconstruction is seeded from muon chambers. Separate propagations 
are performed in the transverse (R/Z<)>) and longatudinal (RZ) planes. In the 
RZ plane, using a linear parametrization including the primary vertex one can 
predict the wheel of the cylinder or ring of the forward disks where the muon 
track can appear. In the transverse plane the parametrisation of the trajectory in 
the tracker barrel and tracker endcap is different. In the tracker barrel region the 
difference between the azymuthal angles ^+1)) between two clusters of the 

trajectory located on different cylinders (with radius n and r;+i) is proportional 
to dri^i^i/Px 



\d4>i,i+i 



k X \ri - 

Pt 



( 3 ) 



while in the forward region d(f>(^l, / + 1) is proportional to dZjPL. 



\d4*i,ipi 



k X dZ 
Pl 



( 4 ) 



The efficiency and sample purity for a multiplicity up to 3000 charged par- 
ticles per unit of rapidity is found to be 90% and above 97% correspondingly. 
For higher multiplicity the efficiency starts to fall and reaches 75 % (with 97 % 
purity) for the case of central Pb Pb collisions assuming 8000 charged particles 
per rapidity unit. 



T and J/’P' Mass Range. The expected statistics and signal/background 
ratios for indicated luminosities and for different nuclei are shown in Table 1 . The 
large statistics available should give the possibility to investigate the dependence 
on the impact parameter of event and transverse momentum of the resonances. 



Table 1. Expected number of events and Signal/Background ratio for one month run 
with indicated luminosity. 





Resonances 


J/>F 


J/>F 


r 


7 

T 


CaCa 


Statistics 


220000 


5800 


340000 


115000 


Lum. 10^^ 


S/B 


9.7 




9.4 




PbPb 


Statistics 


10600 


350 


22000 


7500 


Lum.W^ 


S/B 


1.0 




1.6 





The dimuon mass spectrum in the T mass range (Fig. 2a) is built using all 
combinations of track pairs from those reaching the muon stations and applying 
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Fig. 2a. Dimuon mass spectrum. Fig. 2b. Dimuon mass spectrum after 

background subtraction. 



the reconstruction efficiency according to the track pair origin. The uncorrelated 
background can be subtracted using the like-sign dimuon spectrum: 

S = OS-2x y'N++N- (5) 

where substraction is made in each bin of the dimuon opposite-sign spectrum 
(Fig. 2b). 

Z Mass Range. In the high dimuon invariant mass region M(/r+/r^) > 20GeV 
Drell-Yan, Z boson and semileptonic decays of the open flavors (cc, 66) are the 
main sources of dimuons [16] . Applying a cut on the Fx of > than 5 GeV /c makes 
the contribution of the uncorrelated decays from the soft particles negligible. A 
clear signal of Z— > decays is seen [3]. The expected number of the Z— > 
decays is 11000 and of (Z+jet) events with Eix*^ > bOGeV is 600 for a one month 
Pb-Pb run. The spectrum of dimuons from B-decay is also an interesting object 
for investigation of medium-induced energy losses of quarks [14]. 

3 Jet Quenching 

In case of quark gluon plasma formation the hard quark is expected to have an 
additional medium - induced loss, which leads to softenning of the jet spectrum. 
As a result a number of effects are expected to be observed: 

• the number of dijet events decreases significantly, 

• the monojet /dijet ratio increases, 

• the maximum of the distribution of — E^*' will be shifted, 

• the jet energy flow will strongly depend on the angle between the jet and the 
reaction plane. 
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3.1 General Conditions for Signal and Background Simulation 

The other important task is to extract hard jets and photons from the back- 
ground of AA events which generates large energy deposition in CMS calorime- 
ters. Jets spectrum is generated with PYTHIA and rescaled for AA events 
according to ratio (1) with a = 1. The background is generated with either 
FRITIOF [15] or HIGING and SHAKER parametrisations as described above. 



3.2 Jet Detection 

The photon and jet reconstruction efficiency and energy resolution have been 
studied using detailed version of CMS calorimeters. Modified cone and window 
algorithms for hard jet extraction have been developed. The key point is to search 
for “jet-like” clusters above the average energy [17] deposition for tower/cell. 

• In the first step the average transverse energy and dispersion 

in a cell are calculated over all cells included in barrel and endcap parts of 
calorimeter as a function of pseudorapidity rf. 

• All possible rectangular windows (including overlaps) in calorimeter map in 

rf — space are constructed. The window consists of an integer number of 
calorimeter cells. The number of cells in window in rf and in 

is calculated separately by expressions: 

^ ^ ^ I Tfrr, a., 

Rwind ^ ^ ^ A^to«“727r, 

where and are the total number of cells in calorimeters in rj and 

Fi 'Hmax is the maximal value of pseudorapidity rf, R is the external parameter 
of the algorithm. 

• The window energy is calculated as the sum of cell transverse energies 
over all n-g cells included into this window minus the background energy per 
cell: 

Ewind ^ - \^^{ff) + Df’\rf)\}, 

rtc 

where E!j?^^{rf) is the average transverse energy, 

= \j {E^^^{rj)y — i® the dispersion in cell as a function 

of rf. If the value of transverse cell energy after subtraction of the background 
energy per cell becomes negative it is set equal to zero. 

Then the search for a jet-containing window and the evaluation of the jet 
energy starts from the window with maximum transverse energy. 

• The non-overlapping windows with energy £ 7 *"'^ > Dc{rf)^ are consid- 

ered as candidates for the jets. 

• The center of gravity of the window is considered as the center of the jet. 
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• For correction of the jet axis, the cell with the maximum transverse energy in 
cone is chosen and considered as a new center of this jet. 

The correction procedure acts independently and can be added or removed 
from the algorithm. 

• Cells of the cone within the radius K around the jet center are collected. 

• The value and are recalculated using cells which are not 

covered by jets. 

• The jet energy is calculated as energies of collected cells minus mean back- 
ground energy per cell: 

T’f = - \E^) + 

3.3 'y-|-Jet Channel 

Some investigations have been recently performed on possibility to observe the 
shift of the maximum in the difference between Et of photon and Et of jet with 
the CMS detector [18], see Fig. 3. 



ET''"® — Et*" distribution for 2 weeks LHC running 




-40 ^ -20 ^ ^ 0 ^ ^ 20 ^ 40 



ET"'" - Et", GeV 




Fig. 3. Difference between Et of photon and Er of jet. a) without background, b) 
with background. 



Jets with a transverse energy exceeding 100 GeV can be observed with excel- 
lent efficiency and purity. The shift of the mean value of the difference between 
the transverse energy of photon (or Z) and the hard jet gives the possibility to 
evaluate energy losses of hard partons. The main source of background for y-jet 
events are jet-jet events, where one of the jets has a leading tt^. 
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4 Trigger and Data Aquizition 

Muon, e /7 and jet trigger rates have been estimated for the case of Pb-Pb events 
assuming 1 or 2 experiments. In the case of 1 experiment, a single muon first 
level trigger gives a rate of 500 Hz and for 2 experiments the rate is 160 Hz. 
Dimuon first level trigger gives a 60 and 20 Hz rate correspomdingly [19]. As 
for jets the first level trigger rate is found to be 400-200 Hz for thresholds 40-50 
GeV; correspondingly the e and 7 trigger algorithms used in pp and modified 
for conditions of high occupancy of electromagnetic calorimeter - and obtained 
rates already at level one are around 10 Hz [20]. The data aquisition system 
developped for pp interactions will allow to record 70 events/sec on tape [21]. 
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Abstract. HERA-B, a fixed target experiment to study heavy flavour production in 
proton- nucleon interactions at HERA, has to cope with high particle densities. The 
reconstruction program for the main tracking system consisting of drift and microstrip 
gas chambers requires an efhcient pattern recognition method. The method should be 
robust enough with respect to large occupancies and tracking detector imperfections 
like dead, inefhcient and noisy channels. In this paper we present different track finding 
algorithms. 



1 Introduction 



The HERA-B experiment at DESY is a large acceptance spectrometer originally 
planned to detect B mesons produced in fixed target proton (920 GeV) nucleus 
interactions. The detector is designed to reconstruct 4 to 5 interactions per bunch 
crossing (every 96 ns) with about 120 charged tracks from primary interactions 
(and with a similar number of tracks from secondary interactions). This leads 
to a high particle density with a radial distribution of the particle flux {K is the 
distance from the beam) as shown in Fig. 1: 



4-10^ 1 

cm^s 



( 1 ) 



Due to the strongly forward oriented kinematics the detector is build as a 
forward magnet spectrometer covering polar angles varying from about 10 to 
200 mrad (see Fig. 1). The main detector components are the multi- wire target, 
the vertex detector system installed inside a vacuum vessel, the dipole mag- 
net providing a magnetic- field integral of 2.2 Tm, the tracking system for the 
track reconstruction and momentum measurement, the Ring-Imaging Gherenkov 
counter (RIGH) for kaon/pion/proton separation, an electromagnetic calorime- 
ter (EGAL) for electron and photon measurement, and the muon system. 

HERA-B has suffered significant delays compared to its ambitious original 
schedule. These delays were mainly due to operational problems of the tracking 
detectors in a harsh high-radiation environment. The detector were completed 
at the beginning of the year 2000. The first 6 months of data-taking were mainly 
devoted to the commissioning of the apparatus. 
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1 10 10 10 
radial distance [cm] 

Fig. 1. Particle flux as a function of the radial distance from the beam for HERA-B 
and LHC experiments. The flux in the Outer Tracker region is comparable to the flux 
which the ATLAS TRT straws will see in LHC. 



2 Main Tracking System 

One of the challenging components of this spectrometer is the tracking system. 
It has to cope with the extremely high particle fluxes and high radiation doses 
which are comparable to LHC conditions. Because of a strong radial dependence 
of the particle flux on the distance to the beam pipe, different granularities 
for the tracking detectors had to be chosen to keep occupancies at a reasonable 
level. The different granularities were achieved by choosing different technologies 
for the inner and outer tracking region. MSGC-GEM detectors are used in the 
inner region (Inner Tracker) to cover the distance between 6cm and 30cm around 
the beam pipe. The outer region is covered by honeycomb drift chambers. The 
diameter of the honeycomb drift cells is 10mm for the outer and 5 mm for the 
inner sectors. The Outer Tracker consists of 13 planar superlayers comprising a 
total of about 115 000 channels. Each superlayer consists of six individual layers, 
and each of them is subdivided into 12 sectors to adjust the channel count to the 
track density. In half of the layers, the wires are vertical (0° layers), the other 
layers are stereo ones with the wires rotated by ± 5° . Four MSGG-GEM detectors 
form one Inner Tracker layer. Similar to the outer tracker, the orientation of 
sensitive strips in a half of layers is vertical, the strips in the stereo layers are 
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Fig. 2. Top view of the HERA-B spectrometer. The proton beam coming from the 
right. 



rotated by ± 5°. The layers are grouped in three blocks: “magnet chambers” 
inside the dipole magnet, “pattern chambers” in the field-free region between 
the magnet and the RICH and “trigger chambers” in front of the ECAL. The 
pattern chambers have the highest density of single measuring planes and are 
used for pattern recognition. An isometric view of the multiplanar geometry of 
the pattern tracker is shown in Fig. 3. 




Fig. 3. Isometric view of the HERA-B pattern tracker. 
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3 Track Reconstruction 

The pattern recognition, as the first step of the track reconstruction, starts in 
the field-free region of the pattern chambers. Using a Kalman Filter algorithm, 
track segments are reconstructed [1]. The tracks are continued further upstream 
using the magnet chambers and joined with reconstructed tracks from the vertex 
detector. This is illustrated in Figure 2. The downstream propagation of the 
tracks uses the trigger chambers in front of the ECAL. The track momentum is 
determined from a global fit to the full reconstructed track. 

4 Methods for Track Recognition 

In the past few years, members of the HERA-B collaboration have performed 
an extensive analysis of different track recognition methods. These efforts have 
resulted in the reconstruction packages RANGER [1] and OTR/ITR-CATS [2]. 

RANGER is based on the track following and concurrent track evolution ap- 
proach. The pattern recognition procedure first searches for 2D straight track 
candidates in the xz projection using only the hit information from the 0° layers. 
Then it finds for each of these candidates the corresponding vertical track candi- 
date in the yz projection using simultaneously the hit information from the ±5° 
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Fig. 4. Layout of the HERA-B vertex and main tracking system (top view) [1]. 
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Fig. 5. Illustration of the concurrent track evolution strategy for an ambiguous situa- 
tion caused by three nearby tracks in a superlayer of the HERA-B outer tracker. The 
propagation proceeds upstream from the right to the left [1] 



stereo layers. After the vertical track candidate was found, its hits are combined 
with those of the xz projection, and a three-dimensional track candidate is fitted 
using a Kalman filter. 

The concurrent track evolution strategy is illustrated in Fig. 3. A starting 
initial set of track parameters for a track candidate, called a “seed” is necessary. 
Given a seed, the algorithm performs the track following procedure in the course 
of which it tries to find the next hit and improves the track parameters with 
each new hit added. The method splits the tracks whenever more than one hit 
is observed in the neighbourhood of the predicted hit location. In order to keep 
the number of simultaneously propagated track branches at a reasonable level, 
the algorithm must discard some of them relying upon a quality index of the 
track. One of the problems with which the algorithm had to cope when applied 
to the first data was a lower hit efficiency and hit resolution than expected, and 
a large fraction of “dead” channels (caused by hardware problems). To provide 
a reasonable track reconstruction efficiency and ghost rate RANGER must work 
with a higher number of simultaneously explored track branches. 

A new algorithm was developed as an alternative approach for track recon- 
struction that would be more robust and tolerant to hardware problems. The 
track reconstruction techniques implemented in OTR/ITR-GATS package com- 
bine features of cellular automata for track recognition with the advantages of 
the Kalman filter for track fitting. The input information for the cellular automa- 
ton is given by space-points which are considered as elementary units or cells. 
In the framework of the OTR/ITR-GATS algorithm, space-points are defined 
as short 3D track segments inside superlayers. The three-dimensional track seg- 
ments inside superlayers are reconstructed by first searching for hit multiplets in 
the 0^- layers and then attaching multiplets in the stereo layers. The combined 
0^ and stereo multiplets are then fitted by a Kalman filter. To create track can- 
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didates of space-points and collect hits missed in the layers where space-points 
could not be reconstructed the cellular automaton procedure was performed. A 
cellular automaton is a discrete-time dynamical system that evolves in a phase 
space consisting of cells [2]. Disadvantage of this algorithm is that, if in an inter- 
mediate superlayer there is no neighbouring space-points, the cellular automaton 
cannot jump over such a hole, as caused by a dead region in the tracker. The 
solution is that a cellular automaton is accompanied by a track following pro- 
cedure. As seeds are used the track candidates found by the cellular automaton 
and space-points for which the automaton could not find any neighbours. 

The tracking efficiency is larger than 95 % for the reference tracks coming 
from the target region, and about 80-95% in average for all tracks. The ghost 
rate is roughly 14%. 

5 Summary 

The operation of tracking detectors under conditions close to what is expected 
at the LHC and efficient track reconstruction at detector occupancies of up to 
20% makes the HERA-B apparatus a pioneer in the field of high-rate tracking. 
Two pattern recognition algorithms, described in this paper, show comparable 
results with high reconstruction efficiency, reasonable behaviour of CPU time 
consumption and robustness of the algorithm in case of low hit efficiencies of the 
detectors and increased track multiplicity. 
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Abstract. We study new strong resonances associated with the physics responsible 
for the strong electroweak symmetry breaking. We write down the lowest order effective 
chiral Lagrangians describing the couplings of these new resonances to the Standard 
Model fields and calculate signals for I = J = 0 S'-resonances and for / = J = 1 
p-resonances in the WWtt scattering in the process e+e^ — s- vvtt at the Next Linear 
Collider. We also find low-energy constraints on the p-resonance couplings to the top 
quark. 



1 Introduction 

One of the most important problems of today’s particle physics is the mechanism 
of electroweak symmetry breaking (ESB). The mechanism of ESB is responsible 
for giving the W and Z bosons their masses. Despite some progress in the ex- 
perimental limits on the Higgs mass [1], the ESB sector of the Standard Model 
(SM) is still rather weakly constrained by the experimental data and the physics 
behind the mechanism of ESB remains unknown. 

In this work we study some phenomenological consequences of the strongly- 
coupled ESB sector. Typical representatives of the strongly-coupled scenario are 
technicolor models built in analogy to chiral symmetry breaking in QCD. The 
strong ESB gives rise to massless Goldstone bosons — electroweak (EW) pi- 
ons — which, just like QGD pions, are assumed to be bound states of some 
more fundamental strongly interacting objects (e.g. technifermions) . According 
to Higgs mechanism, EW pions are absorbed by W and Z bosons and become 
their longitudinal components Thus any collider process which in- 

volves the longitudinal weak gauge bosons can in principle give us an access to 
the interactions connected to the mechanism of ESB [2] . 

Since (V = W, Z) scattering amplitudes start to violate unitarity at 

1-3 TeV range we expect new strongly interacting ESB resonances (equivalent 
of lowest QGD resonances such as p and uj) to appear at or below this scale. 
We will not be able to see the substructure of these new resonances and EW 
pions at the Large Hadron Golider (LHG) and at the Next Linear Gollider (NLG) 
operating at 1-3 TeV range, but the question is if we can distinguish at least the 
resonances themselves and measure their masses and couplings. 

A lot of attention has been devoted to the testing of the strongly-interacting 
scenario in the longitudinal vector boson scattering Vi^Vj^ -p Vi^Vj^ [3]. The 
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studies concentrated on signatures of either a new I = J = 1 ESB p-resonance 
or a new I = J = 0 ESB S'-resonance (parameters of the S'-resonance can be 
tuned to immitate the SM Higgs boson — SM-like S'-resonance) at either the 
NEC or the LHC. The results have shown that it will be possible to establish 
the presence of strong ESB at the LHC and the NLC and that, to a degree, it 
will be possible to distinguish new strong resonances [2]. 

Another potentially powerful process for the study of strong ESB is the 
scattering of longitudinal vector bosons to top quarks, Vi,V]^ — ^ tt. Its main 
appeal is in the possibility to test whether the extraordinarily large top quark 
mass is generated by the same new strong interactions which are responsible for 
ESB, or by yet additional new strong interactions introduced just for that sake. 
In the former case (represented, e.g., by the extended technicolor theories [4]) we 
expect the top quark to couple significantly to the resonances which unitarize 
^ ElKl scattering [5,6]. This could lead to significant event rates in 
VlVl — ^ tt. In the latter case, when the mechanism of the top mass generation is 
different from the W mass generation (as in topcolor- assisted technicolor models 
[4]), we expect that the top quark does not couple significantly to the new 
resonances of the strong ESB sector. This would imply that the new resonances 
observed in the ^ VlVl channel are suppressed in the ^ tt channel 

[2,5]. 

When studying the ^ tt process, we can make use of another unique 

property of the top quark. Unlike all the other known quarks the top quark de- 
cays so rapidly that the information about its spin is transferred directly to the 
final state with negligible hadronization uncertainties. This raises an interesting 
possibility to measure polarized cross sections in ^ tt and use this infor- 

mation to distinguish between S- and p resonances which contribute to different 
helicity combinations of the top quarks [2,5]. 

For these reasons the Vi^Vi — ^ tt process at the NLC has recently attracted 
growing interest. There have been studies within the SM [7,8,9], within the 
Higgsless SM below the scale of new physics (no-resonance model) [10,6], and also 
within models above the scale of a new S'-resonance and p-resonance [2,5,11,12]. 

In this work we study the new S- and p- resonances in the process W ^ tt 

which is being considered as a subprocess of e+e^ — ^ vi?tt at the NLC with 
the CM energy of 1.5 TeV and 2 TeV. Three cases, the no- resonance, the S'- 
resonance, and the p-resonance are considered with various values of parameters. 
We show the importance of low energy constraints for p-resonance signals at 
NLC. We calculate total and differential cross sections with polarized (anti-)top 
quarks in the final state using the Effective-TU Approximation and considering 
longitudinal weak gauge bosons only. The number of events obtained is for the 
assumed integrated luminosity of 200 fb^^. 

This contribution is organized as follows. In Section 2 we introduce the low- 
est order effective chiral Lagrangians describing models with no resonance, S'- 
resonance, and p-resonance. Our calculations and results obtained for the models 
under consideration are presented in Section 3 and conclusions in Section 4. 
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2 No-, S- and p- Resonance Models 

Due to our ignorance of details of new strong physics behind ESB the most con- 
venient approach to the analysis of its possible consequences is the effective field 
theory framework. In this approach, if energy available is below the threshold 
of new resonances production, one starts with EW pions as the only particles in 
the spectrum which are subject to new strong interactions. The Lagrangian of 
EW pions is the familiar nonlinear <t- model based on global SU{2)l x SU{2)r 
spontaneously broken down to SU (2}v custodial or isospin symmetry. This sym- 
metry breaking pattern is supported by the relation Mw /Afz = cos ffw which is 
satisfied to high accuracy. 

If we assume to have enough energy to produce a new resonance it must be 
added to the set of building elements of the effective Lagrangian. In our work 
beside the no-resonance case we also assume the production of either the S- 
resonance or p- resonance. They are added to the Lagrangian respecting chiral 
SU (2) R X SU {2)r s}unmetry. For S'-resonance it is a straightforward procedure, 
for p-resonance one can follow either Weinberg [13] or hidden symmetry approach 
[14]. The gauge interactions of the SM are introduced by requiring the S and p 
Lagrangians to be gauge invariant under SU{2)r x U{1)y- 

Let us begin with the gauged no-resonance Lagrangian given by 

nonlinear (T model t couples to rr; 

^ ^ s - - 

£o = - v^Tr{A^A^^} - ^LU^u^Mi^R +h.c. + Ckin{W, Y) 

+^L ^r[^R + 

+i^Rtr[dR + Y^+'-g'{B-L)Y^]^PR ( 1 ) 

where Afj, = + Y r)u — u{dn + fj)v)\/2 ; u = exp(*7r.'r/2w) with v = 

246 GeV, tt is the isospin triplet of the EW pions, and r are Pauli matrices; 

denotes fermion field doublet, (t, 6), the B — L is the baryon minus lepton 
number operator, and the M = dvAg{mf, m^) is the fermion doublet mass matrix. 
'Cfcin(W, Y) is the kinetic energy term of the SU{2)r gauge field, and the 
U{1)y gauge field, Y^; = igWi_,.Tl2', Y = ig'Yi_,T^l2. 

The gauged S'-resonance model can be described by the following leading 
order effective Lagrangian 

= £o + CkUS) - ^M|s2 - 2g"UTr{A^A^} S' 

'tp ru^ M 'tp rS + h.c. (2) 

V 

where £q is given by (1), the Ckin{S) is the kinetic energy term of the S'- 
resonance, S' denotes the scalar {1 = J = 0) ESB resonance field, Mr is its 
mass. The g"', a and Mr are free parameters. 

The gauged p-resonance model is given by 

Bp = Cq -\- Bkinip) — Y fB')\ 
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+bi tpL *7^ [udfj, - upf, + vXg'{B - L)y^] v) V’l 

+&2 P *7^^ - up^+uy^g\B - L)Y^] PipR 

+XitpLi7^ u"' AfiY^utpL + X'2'tpRPi7^u Ai_i 7^ u'^ P 'tpR (3) 

where = [u^{d^ + Y ^)u + u{d^ + W ^)Y]/2] p^ = ig"p^.T/2, denotes 
the vector (/ = J = 1) ESB /9-resonance field, Cq is given by (1), the Ckin{p) is 
the kinetic energy term of the /9-resonance, the a, g" , 6i, 62, and X 2 are free 
parameters and P = diag(l, 0). The P matrix ensures that the p only couples to 
the right-handed top quark but not to the right-handed bottom quark (to avoid 
constraints on the p couplings from the Zhh vertex), which spoils the custodial 
symmetry in much the same fashion as does the top-bottom mass splitting. 

The low energy experiments place the following constraints on the parameters 
of the /9-resonance Lagrangian [15]: g" 85 10, I62— A2I 0.04 and |6 i— Ai| 5) 0.01. 

3 Signals from the S- and the p-Resonances at the NLC 

The question is if the p coupling constants which respect constraints of Sec. 2 can 
generate significant signals in the W rW r -p tt scattering at the NLC. Here we 
consider this scattering as a subprocess of the process e+e^ — ^ z/j/tt, see Fig. 1. 

We have chosen to calculate signals for three /9-resonances of the same mass 
Mp = 1 TeV but different couplings and widths P^, summarized in Table 1. For 
comparison we also calculate signals from two P-resonances — 800 GeV SM-like 
Higgs boson with the width Pr = 285 GeV {g"' = a = \) and the nonstandard 
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Table 1. Parameters of the three p-resonances; hi = Ai = 0, A 2 = 0.04. Fp is uniquely 
defined by Mp and the coupling constants 





Mp{TeV) 


^2 


9 " 


Fp{GeV) 


pi 


1 


0.04 


15 


4.99 


P2 


1 


0.08 


10 


9.42 


pi 


1 


0.04 


40 


21.66 



800 GeV S'-resonance with the width Fs = 158 GeV {g'" = 0.7, a = 1) — and 
from the no-resonance model. 

To calculate cross sections of the process e+e“ — ^ vvtt we used Effective- IT 
Approximation (EWA) [16] in which one convolutes the cross section for the 
subprocess Wi,Wl — t tt with the corresponding distribution functions of the 
Wl boson. For the EWA to be valid the invariant energy scales of the process 
should be much larger than the W mass. Since the distribution function for 
longitudinal TT-bosons is largely independent of the W beam energies the EWA 
describes more accurately W contributions than contributions of transverse 
TT-bosons. Fortunately, sensitivity of Wx channels to the ESB sector is much 
weaker than sensitivity ofWx channels. Therefore to extract the signal of new 
physics without having the transverse W contributions calculated the following 
quantity can be used [ 12 ] 

"^new physics ~ 100 GeV) (4) 

Here the transverse W contributions are expected to subtract each other. Thus 
the difference (4) should be a good estimate of what we would get if much more 
complete calculations of the studied process were performed. 

To calculate the subprocess cross sections we used the FT theorem according 
to which we replaced Wx boson with the corresponding EW pion tt . The sub- 
process diagrams are shown in Figs, lb - If. The main contribution comes from 
the diagrams lb - le, while the contribution of the diagram If is small. We note 
that the helicity cross sections <t++ = a (the signs refer to helicities of the t 
and t, respectively) receive their contributions mainly from the diagrams lb and 
Id, (T^ mainly from Ic and le while a ^ is negligible. 

We show the results of our calculations in Fig. 2. Figure 2a shows the total 
cross section (T^ for the process e+e^ — ^ i/Ptt in femtobarns as a function of 
the GM energy ^/s of the NLG. The signals from the p resonances rise above the 
solid line which represents both the A-resonances and the no-resonance model at 
the same time (they have approximately the same (T^ ). The best signal comes 

from the p-resonance with the width Fp = 9.42 GeV (62 = 0.08, g" = 10) — 
for a/s = 1.5 TeV and ^/s = 2 TeV we get cross sections 0.8 fb and 1.9 fb, 
respectively. Assuming integrated luminosity L = 200 fb^^ we get for the p- 
resonance 160 events at a/s = 1.5 TeV and 380 events at a/s = 2 TeV. For 
A-resonances and the no- resonance model we get 102 events at a/s = 1.5 TeV 
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Fig. 2. Helicity cross sections for — s- uvtt as a function of CM energy: (a) 

for the three />-resonances of Table 1: pi (dotted line), p 2 [dashed line), ps. [dash-dotted 
line). The solid line is for both the S'-resonance and the no-resonance signal; (b) 

(= a ) for the nonstandard 800 GeV S'-resonance with Fs = 158 GeV [dotted line), 
the 800 GeV SM-like Higgs boson [dashed line), all /3-resonances and the no-resonance 
model [dash-dotted line), the 100 GeV SM Higgs [solid line) 



and 208 events at a/s = 2 TeV. We note that the only cut performed on data 
was the cut on the invariant mass of the tt pair > 500 GeV. Further cuts are 
needed to reduce the backgrounds which are not treated here. Following previous 
studies [12] we estimate that the efficiency of these cuts for the signal is about 
CcMt = 80 % and that the remaining events will be fully reconstructed (including 
6-tagging) with the efficiency of about c^ec = 30 % [5]. Hence, for the final event 
numbers Nf = NtcuFrec- For the />-resonance we thus finally get 38 (91) events 
at 1.5 TeV (2 TeV), and for S'-resonances and the no- resonance case 24 (50) 
events at 1.5 TeV (2 TeV). 

In Fig. 2b we show the total cross section <t++ = a for the process e+e^ — ^ 
vvtt in femtobarns as a function of the CM energy a/s. In this case the S'- 
resonances dominate: for the SM-like Higgs we get <t++ +<t = 3.8 (8.3) fb at 

a/s = 1.5 (2) TeV, while for the yo-resonances and the no-resonance model we get 
the same results <t+++<t = 0.9 (1.8) fb at a/s = 1.5 (2) TeV. After the cuts and 

the reconstruction we get for the SM-like Higgs 182 (398) events at 1.5 (2) TeV 
and for the p- and the no-resonance case 43 (86) events at 1.5 (2) TeV. 

Differential cross sections for e+e^ — ^ vvtt as a function of the invariant 
mass mil at a/s = 1.5 TeV are shown for (4 — ) helicity combination in Fig. 
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Fig. 3. Differential cross sections for e+e — s- vvtt as a function of the invariant mass 
rritt at y's = 1.5 TeV: (a) for p 2 {solid line), the S'-resonances and the no- 
resonance case {dashed line)', (b) for the 800 GeV SM-like Higgs boson {solid 

line), the 800 GeV nonstandard S-resonance with Fs = 158 GeV {dashed line), all 
(O-resonances and the no-resonance model {dotted line) 



3a and for (++) helicity combination in Fig. 3b. The measurement of these 
differential cross sections could provide the resonance mass if the resonance has 
a well defined peak with sufficient number of events contributing to the peak. 
For p 2 (solid line in Fig. 3a), we get 37 events in the peak before the cuts and 
reconstruction, assuming integrated luminosity L = 200 fb 

4 Conclusions 

We have studied the new strong resonances associated with the physics responsi- 
ble for the strong electroweak symmetry breaking and signals of these resonances 
in the process e+e^ — ^ We have provided the comprehensive treatment of 

the p Lagrangian including the low-energy constraints on its parameters. The 
analysis presented in this work shows that the total signal from the p-resonance 
summed through all helicity channels at the energy of 1.5 TeV and the inte- 
grated luminosity of 200 fb^^ is 81 events after the cuts and reconstruction. The 
corresponding numbers for 800 GeV SM-like Fliggs is 206 events and for the no- 
resonance case 67 events. The SM-like 800 GeV Fliggs (and heavy S-resonances 
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in general) is thus well separated from the p-resonance and the no-resonance 
cases. To distinguish the p-resonance signal from the no-resonance one and to 
confirm the spin of the S-resonance it is very useful to study individual helicity 
channels and distributions in invariant mass m«. The p- resonance contributes 
mainly to the helicity cross section for the process e+e“ — ^ vvtt, while the 
S'-resonance contributes mainly to the cross section <t++. This underlines the 
importance of the measurement of the top quark helicity (see [5] for more on 
this) . Another way to improve on signals is to go to the CM energy of 2 TeV. 

This work was supported by grant VEGA 1/8307/01. 
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Abstract. We consider hard leptoproduction of a photon on a spin-one target and give 
the general azimuthal angular dependence of the differential cross section. Furthermore, 
we estimate the beam spin asymmetry for an unpolarized deuteron target at HERMES. 



1 Introduction 

Exclusive two-photon processes in the light-cone dominated region, i.e., in the 
generalized Bjorken limit, are most suitable for the exploration of the partonic 
content in hadrons, since in leading order (LO) both photons directly couple 
to one quark line [1]. In such processes one can measure, for instance, different 
photon-to-meson form factors, i.e., 7*7 — ^ M, the production of hadron pairs 
and also processes like j*N — ^ Nj or jN — ^ Nl^l^ . The latter two are denoted 
as deeply virtual Compton scattering (DVCS) in the space- and time-like regions 
[2,3,4,5,6,7], 

The factorization of short- and long-range d}mamics is formally given by the 
operator product expansion (OPE) of the time ordered product of two elec- 
tromagnetic currents, which has been worked out at leading twist-two in next- 
to-leading order (NLO) and at twist-three level in LO of perturbation theory 
(for references see [7]). However, one should be aware that the partonic hard- 
scattering part, i.e., the Wilson coefficients, contains collinear singularities, which 
are absorbed in the non-perturbative distributions by a factorization procedure, 
which has been proven at twist- two level [8]. 

The non-perturbative distributions are defined in terms of light-ray opera- 
tors with definite twist sandwiched between the corresponding hadronic states. 
These process dependent correlation functions are sensitive to different aspects 
of hadronic physics. Especially, in DVCS one can access the so-called generalized 
parton distributions (GPDs). The second moment of the flavour singlet GPDs 
is related to the expectation value of the energy momentum tensor. Thus, it 
gives in principle information on the angular orbital momentum fraction of the 
nucleon spin carried by quarks [9]. We should stress that this process is a new 
tool to probe the partonic content of the nucleon on the level of amplitudes and, 
thus, it provides us new information [10]. 

Recently, the DVCS process has been measured by the HI collaboration [11] 
in the small x-q region (see also [12]) as well as in single beam spin asymmetries 
by the HERMES [13] and CLAS [14] collaborations. The theoretical predictions 
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depend on the GPDs, which are unknown. However, they are constrained by sum 
rules and the reduction to the parton densities in the forward kinematics. All 
experimental data are consistent with an oversimplified model, which satisfies 
the constraints and, thus, also with each other [7]. 

It is appealing to employ DVCS for the investigation of other hadrons and 
nuclei. An appropriate candidate is deuteron, which has been widely used as a 
target in lepto-scattering experiments. This nucleus has been extensively studied 
in both deep-inelastic [15] and elastic [16,17] scattering. Prom the theoretical 
point of view it would be desired to have complementary information, which 
could give us a deeper understanding of this nucleus in terms of its fundamental 
degree of freedom [18]. 

In this paper we outline the OPE approach applied to DVCS. Moreover, we 
determine the azimuthal angular dependence of the cross section for a spin-1 
target. Rel}dng on qualitative properties of GPDs, which are consistent with 
the DVCS data for the proton target, we estimate the size of the beam spin 
asymmetry for HERMES kinematics. 



2 General Formalism 



For the leptoproduction of a photon 

l^{k)h{Pi) l^{k')h{F2h{q2) 



on a hadronic target h with the mass M the five-fold cross section 



da 

dx-Qdyd\A^ \d(j)dLp 



(y^XBV 

IGtt^ Q2a/1 -|- 




e 



= 2xb 



M 

“q’ 



( 1 ) 

( 2 ) 



depends on the Bjorken variable xb = Q'^l2Pi • qi, where = —q1 with 
q\ = k — k' , the momentum transfer square = {P 2 — Pi)'^, the lepton energy 
fraction y = Pi ■ qijPi ■ k and, in general, two azimuthal angle. We use the 
target rest frame, where the virtual photon three-momentum points towards the 
negative z-direction. (f> is the angle between the lepton and hadron scattering 
planes and (f = <P — <f>]y is the difference of the azimuthal angle <P of the spin 
vector 



= (0,cos^>sin6',sin^>sin6',cos6') (3) 

and the azimuthal angle of the recoiled hadron (see [7]). 

In the following we consider this process in the (generalized) Bjorken limit, 
^ P\- qi = large, and are comparably small. The amplitude T is the 
sum of the DVCS Tdvcs and Bethe-Heitler (BH) Tbh amplitudes: 



^ { TbhP + Tdvcs 1^ +T^} ) 


(4) 


\',A' 




with the interference term 




T = Tdvcs Tb*h + TtJvcsTbh, 


(5) 
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where the recoiled lepton (A') and hadron (t 1') polarization will not be observed. 

Each of these three terms in (4) can be calculated in a straightforward manner 
by the contraction of a known leptonic tensor L^,,, with the DVCS tensor 
or/and hadronic current Jq,. The former one is given in terms of GPDs, while 
the latter one is parametrized in terms of elastic electromagnetic form factors. 
For instance, the interference term reads 

k')T^r^{P, A, q)Ji{A) + h.c. I + e+ ’ («) 

where P = Pi -\-P -2 and q = {qi -\-q-2)/2. The resulting predictions for the spin-0 
and -1/2 targets are presented at the twist-three level in [5,7]. 

Let us now consider the spin-1 target in more detail. The hadronic current 

= -^2 + (<=2 '=2/t) ^2 — ^2 ■ 2M2 ^3 C^) 

is given by three form factors Gi{A^) with i = {1, 2, 3}, where ti^ (c 2 pi) denote 
the three polarization vectors for the initial (final) hadron. The form factors 
Gi{A^) have been measured and their parametrizations are available in the lit- 
erature, see [17] and references therein. 

The DVCS hadronic tensor is given by the time-ordered product of the elec- 
tromagnetic currents j^, which is sandwiched between hadronic states with dif- 
ferent momenta. In LO of perturbation theory and at twist-two accuracy it reads 

[4] 



= - / dxG-^P2\TJ^ix/2)J,i-x/2)\Pl) 



= -ViiagaTTr 



jg xy 

• 7 -) / fiak^arqpf ru 

P ' q P ’ q 



( 8 ) 



where the projection operator T/u/ = Qui, — </igi</ 2 t//</i • </2 ensures gauge invari- 
ance. For convenience we introduced the scaling variable ^ « 2 P^- twist- two 
level the amplitudes Vi and Ai can be decomposed in a complete basis of nine 
Compton form factors (CFFs). Adopting the notation of [18], they read in the 
vector case 



-eiP^ Hi + {€*2 -Pei^ + d -PeL) % - P ei P 



JjA 

2M2 






(9) 



+ {'^2'P'^^^^ ~ '=1'-P'=2u) ^4 + 



2M'^ {el-qci/j, + ci-qel^} e*2-ei 

P-q 



Pu Us, 



and in the axial- vector case 






PfiAPei ^2 P + PfiAPe* Cl P 
M2 



P2 



( 10 ) 



PfiAPei £■) P ~ P^APe* Cl P ~ PfiAPei £■) A + P-nAPe* ~ 

~ P 3 P 4 . 1 



M2 



q-P 
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where 1/Q-power suppressed effects have been neglected. The remaining loga- 
rithmical Q-dependence is governed by perturbation theory. 

The CFFs in (9) and (10) are given by a convolution of perturbatively cal- 
culable coefficient functions and twist-two GPDs via 

for = {1, . . . , 5}, (11) 

nkiO=Yl J for = {1, . . . , 4}. (12) 



For each quark species i we have nine GPDs. The two sets {H{, . . . ,H^} and 
are defined by off-forward matrix elements of vector and axial- 
vector light-ray operators. The coefficient functions '> have perturbative ex- 
pansion. In LO they read for the even ( — ) and odd (+) parity sectors 



(e,x) = 






=F 



Ql 



l—x/^ — iO 1+x/^ — *0’ 



(13) 



where Qi is the fractional quark charge. 

Employing the parametrizations (7), (9) and (10), the contractions of leptonic 
and hadronic tensors provide the kinematically exact expression for the squared 
BH term (of course, in tree approximation), while the interference term 



^TbhTSvcs — 

A' 

2-2y + y^ 4^ ( _ ^ 

y‘^rM'P2i4>)^^Q^\ y 

X{2-y)y 4C rf 

^ y^Vi{<f>)V2{4>) 



(14) 



Ja + + 2ie aqAJ Q 2 

Ju + + 2iea-qAj'^ Q 2 



and the squared DVGS amplitude 

^ITdvcsP = (q-V, q-V^+q-A, q.A\) 

(15) 

are expanded with respect to 1/Q. In contrast to the squared DVGS amplitude 
the interference as well as the squared BH terms have an additional <)>-dependence 
due to the (scaled) BH propagators 

Vi ^ {I - y + 2K cos{(f))} , 7^2 ~ ^ {1 + 2iFcos(<)>)} . (16) 




Predictions for DVCS 



95 



The kinematical factor 

K ^ (17) 

vanishes at the kinematical boundary ~ M^Xg/(l — x-q). 



3 Observables for Leptoproduction of a Photon 



In our frame the contractions of leptonic and hadronic tensors, see (6), yield 
finite sums of Fourier harmonics, whose form is governed by general principles. 
After summation over the final polarization states, which is not indicated below, 
the three parts of the squared amplitude read for massless leptons [7]: 






ITdvcsP = 

±e® 



DVCS 



+ cos(n</>) + sin(n</>)] 



n=l 



By^'P,{4>)r,{4>)A^ j 4 + E + 4sin(n</>)] 



(18) 

(19) 

( 20 ) 



where the + (— ) sign in the interference stands for the negatively (positively) 
charged lepton beam. 

The Fourier coefficients can be calculated from (14), (15), and an analogous 
one for the squared BH amplitude by summing over the polarization A', where 
we can employ the common projector technique. For a spin-1 particle we have 
(see for instance [19]) 



el^{A = 0)ei,(A = 0) = S^S,, (21) 

= il)'=ic(zl. = ±1) = 2 4 , 



where A = {+1, 0, —1} denotes the magnetic quantum number with respect to 
the quantization direction given by the spin vector defined in (3). Obviously, 
the spin sum of the recoiled hadron is 

^ el^{A')e,AA') = (22) 

A'=-l 

As we see, for a spin-1 target the Fourier coefficients quadratically depend 
on the spin vector S(u, and, thus, we find the following decomposition 

= c^,unp + c^,LP cos(6») + c^_tp(a) sin(6») + c^_ltp(a) sin(26») 

+c^,LLP cos^ + c^,TTP (f) sin^ (6») (23) 
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for T = {BH, I, DVCS}. An analogous decomposition holds true for the odd har- 
monics The unpolarized and the longitudinally polarized coefficients c/s^^j^p, 
c/s^LP) c/s^ LLP’ respectively, are independent of y>. The transverse coeffi- 
cients c/s^,pp and the transverse- longitudinal interference terms can be decom- 
posed with respect to the first harmonics in the azimuthal angle 

'^n,Tp(‘i^) = r:^,TP+ cos(y>) + s^-pp- ®irr(‘A)’ 

Cn,LTp(i^) = c^,LTP+ cos(y>) + s^_ltp- sin(y>), 

while c/s^PPP may be written as 

'^n,TTp(^) = '^n,TTPZ' + C^,TTPZi + ®n,TTP± sin(2y>). (26) 

Analogous equations hold true for the odd harmonics (just replace c yy s) . Let us 
add that with this notation the c(s) harmonics are given by the real (imaginary) 
part of certain linear combinations of form factors and/or CFFs. 

Altogether we have for a given harmonic in <f> nine possible observables^. In 
principle, they can be measured by an appropriate adjustment of the spin vector 
and Fourier analysis with respect to the azimuthal angle y>. The interference 
term linearly depends on the CFFs and is, thus, of special interest. In facilities 
that have both kinds of leptons it can be separated by means of the charge 
asymmetry. The dominant harmonics are cj predicted at leading twist- two. 
We write them as product of leptonic pre factors £ and ‘universal’ functions C/: 



(24) 

(25) 



4,i 



r'lc 

r'ls 

^14 



Sm J " 



for i 



{unp, • • • , TTP— }. 



(27) 



As mentioned before, they depend on nine CFFs 






"Hi 



Mi 



(28) 



where the matrix A4 will be presented elsewhere [20] . Single spin- flip and unpo- 
larized as well as double spin-flip contributions provide the imaginary and real 
part, respectively, of the nine linear combinations Cf. 



4 Estimate of the Beam-Spin Asymmetry 



In this section we estimate the size of the beam spin asymmetry 



4lu(/>) 



dcrt (^) _ do-t(/>) 
d(Tt((/) -\- d(rf(()>) ’ 



(29) 



Note that cj ttpx does not belong to an independent frequency, rather it can be 
included in the constant and co^{ff) terms of (23). 
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at large y and small momentum transfer for the HERMES experiment. We should 
also ensure that M'^ /Q'^ corrections are under control. Since M = 1875.6 MeV 
we require > 4 GeV^. Because of large y, the BH amplitude dominates the 
DVCS one and thus the beam spin asymmetry is approximately determined by 

Mlu(</>) ±— ^^^ sin(</>) with ( ^ f • (30) 

y c?,5np i-fore+ 

For —Zimin “C <C and x-q < 0.3 the Fourier coefficients can be drasti- 
cally simplified due a crude approximation of kinematical factors 



Alu{4>) ^ ±\/ “^(1 ~y) ^ sm{(f>). 



Gi(A^ 



(31) 



For a spin-1/2 target one finds the analogous equation, i.e., Gi — ^ Fi and T-ii — ^ 
%. Note that the sume rule 



dx 



Qu 



'Hi 

H 



(x,e, A\Q^) + Qd 



'Hi 

H 



(x,^,A\Q^) 

dy 



(^') (32) 



suggest that the Zi^ —dependence of the valence-quark GPDs is essentialy given 
by Gi and P), respectively. The analyses of the HI, HERMES and CL AS data 
at LO indicate that the A^ fall-off of the sea-quark GPDs is steeper than the 
valence quark ones. Thus, we neglect the sea quark contribution and write the 
valence like GPDs as a product of form factor and quark distribution function 



AniK(e, ZV^) 

Ai(ZV2) 

A^) 

Gi(ZV2) 



T QFldnj iO } \^=xa/2 ’ 

q2 I q2 

TT—^ UuAO + <ldA0} \/^ = xnj2 



(33) 

(34) 



For HERMES kinematics with central values (xb) = 0.11, {AF) = —0.27 GeV^ 
and (Q2^ = 2.6 GeV^ we find with the MRS A' parametrization Alu(</) 
0.3sin(/>) for positron-proton scattering, which is consistent with experimental 
data [13]. For = 4 GeV^, xb = 0.1 and A? = —0.3 GeV^ we estimate 



Zl^Lu('/) —0.13 sin (/>) for deuteron target, (35) 

Z1lu(</) — 0.16sin(<)>) for proton target. 



5 Summary 

We gave the general azimuthal angular dependence of the leptoproduction cross 
section of a photon on a spin-1 target. Such experiments allow to study the 
deuteron from a new perspective. Compared to DIS or elastic lepton-deuteron 
scattering, they provide additional information, contained in the CFFs. 
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At twist- two level there are nine CFFs. In the case of a polarized beam and 
target, with an adjustable quantization direction, the imaginary and real part of 
all these CFFs can be separately measured by means of the charge asymmetry. 
Moreover, an appropriate Fourier analysis allows to eliminate the twist-three 
contamination. In this way one gets the maximal access to the deuteron GPDs 
at twist-two level, with a contamination of and contributions. 

As discussed, for certain kinematics the beam spin asymmetry is essentially 
determined by one CFF only. Although the approximations are rather crude, 
the result can serve to obtain a qualitative understanding of this GPD. The 
LO analysis of the pioneering measurements of DVCS [11,13,14] on the proton 
suggest for — '^0.3 GeV^ the dominance of valence-quark GPDs with no 
essential enhancement by the ske wedness effect. Assuming the same features 
also for the deuteron GPDs, we estimated the size of the beam spin asymmetry. 
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Abstract. We present a current status of the studies on possibility to observe with 
CMS detector A and H bosons (in the framework of the Minimal Super Symmetry 
Model) decaying into two r leptons and Standard Model Higgs boson produced via 
weak boson fusion and decaying into two r’s. 

1 CMS Reach on SUSY A, H ^ tt 

It has been shown with fast simulations of the CMS detector that A, H ^ tt 
decay may be a discovery mode in a significant region of Ma, tan{(3) parameter 
space already with 30 fb^^ of the data [1,2,3]. CMS is currently optimising with 
full simulations the trigger and off-line selections for all final states : lepton- 
lepton, lepton-|-T jet and two t jets. We describe here the most recent results on 
selection of Higgs decays with two r jets. 

A, H ^ TT with 2 r jet hadronic final states have been shown to extend 
significantly the SUSY Higgs discovery reach into the large mass (600 - 800 GeV) 
range [2]. To exploit fully the 2 t jet final states - especially in the low ('^ 
200 GeV) mass range - an efficient hadronic t trigger has been developed based 
on Level- 1 calorimeter selection, Level-2 electromagnetic calorimeter isolation 

[4] and a Level-3 tracking (isolation) using the only pixel detector information 

[5] . 

Level- 1 calorimeter single or double Tau trigger with thresholds 80 and 65 
GeV for L = 2 X 10^® selects A, H — ^ tt — ^ 2t jet events useful for 
off-line analysis with an efficiency of about 0.9 while giving an output QCD 
background rate of about 6 kHz. A further reduction of the QGD background 
rate by a factor 10^ is possible at the High Level Trigger path (Level2 calorime- 
ter and Level3 Pixels) with an efficiency of 40% for the signal at niH = 200 
and 500 GeV [6] as one can see in Fig. 1. Similar performance is expected using 
the regional tracking option of the GMS High Level Trigger once the GPU per- 
formance is proven to be satisfactory. For the off-line t identification the tracker 
information is used. The fast simulation of the GMS detector [7] is used to study 
the signal to background ratios. The track reconstruction efficiency evaluated 
with full simulation of GMS tracker is included as a function of pt and rj for 
the track. The t jet candidate {Et > 60 GeV) is required to contain a hard 
{pt >40 GeV) charged track within AR <0.1 around the calorimeter jet axis. 
Around this leading track in a cone of AR < 0.03 two other tracks with pt > 1 
GeV are accepted to include the 3-prong r decays. This narrow cone with one or 
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Fig. 1. Efficiency of QCD background and Higgs signal at High Level Trigger when 
the size of the pixel isolation cone is varied. 



three hard tracks is required to be isolated demanding that no track with f>t > 

1 GeV is found in the surrounding larger cone of AR < 0.4. Efficiency for this 
T selection is 7.2% for niA = 200 GeV and 34% for niA = 500 GeV. Accepting 
the 3-prong decays in the narrow cone of AR < 0.03 increases the event rate for 
A,H — ^ TT — ^ 2 T jets in the high mass range ( niA = 500 GeV) by 1.7 but 
also degrade significantly the QGD rejection factor for hard QGD jets. Figure 

2 (left plot) shows the rejection factor against the QGD jets for the 1/3 prong 
selection a function of Et jet compared to the one prong selection with one hard 
{pt >40 GeV) charged track within AR{jet, track) < 0.1. Optimisation is still 
needed for the low mass range for more efficient selection mainly by increasing 
the size of the narrow cone. 

A further suppression can be obtained exploiting the t lifetime using t vertex 
reconstruction or impact parameter measurement or a combination of them. A 
full simulation study indicates that an additional rejection factor of 5 against 
the 3-prong QGD jets and an efficiency of 80% for the t jets can be obtained 
with T vertex reconstruction as it is shown in Fig. 2 (right plot). Promising 
results are also obtained from the impact parameter method in the channel 
A, ff TT —>■ + X using full simulation combining the impact parameter 

measurements for the two leptons from t decays to reduce the backgrounds with 
W £iy and Z ^ ll decays [3]. 

The resolution of the reconstructed Higgs mass and even more so the mass 
reconstruction efficiency in A, 77 — ^ tt events is very sensitive to the E™*®® 
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Fig. 2. Left plot - rejection factor against the QC'D jets as a fimction of for the 
1 and i/3 prong r selection; Right plot - rejection factor against the QCD jet v.s. 
efficiency for r jet with cut on the distance between reconstructed primary and the 
secondary vertex of r jet catididate 



ineasureineiit. The absolute value of /JJ"*** is relatively small in these events 
making the mass reconstruction and background reduction with a cut in 
a difficult task. Figure 3 (left plot) shows the Higgs mass reconstructed with 
full simulation for bbA, A —¥ tt ^ 2 t jets with = .oOO GeV and tan(3= 
20 [8]. Resolution of the reconstructed Higgs mass is 14.5% for rtiA = 200 GeV 
and 14.9% for = 500 GeV and the corresponding reconstruction efficiencies 
are 37% and 36%, respectively (including A<p < 175° cut and requiring positive 
neutrino energies). This confirms the earlier results of the fast simulation study 
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Fig. 3. Left plot - reconstructed Higgs mass for bb II tt 2 t jets with mu = 500 
GeV; Right plot - Higgs mass for II —^tt^2t jets with ma = 500 GeV and tan, 3=25 
superimposed on the total background for 30 fb~^. One tagged b-jet is required. 
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The large Z, 7 * — ^ tt background can be reduced efficiently only with b- 
tagging in the associated production processes hhHsusY- The associated b-jets 
are soft and uniformly distributed over \q\ < 2.5. Nevertheless, a study with full 
simulation shows that a b-tagging efficiency of 34% per jet can be obtained 
for the signal events with a mistagging rate less than 1% for Z -\- jets events 
[3]. Requiring one tagged b-jet reduces efficiently also QCD background thus 
improving significantly the signal visibility. Figure 3 (right plot) shows the sig- 
nal for niH = 500 GeV and tan[3 = 25 superimposed on the total background 
with b-tagging. The missing transverse energy plays a major role in the 

Higgs mass reconstruction as discussed above. However, a cut in does not 

improve significantly the mass resolution and therefore, in order to retain the 
signal statistics, is not used in this study. Figure 4 shows the expected discovery 
reach for for 30 fb^^ assuming maximal stop mixing scenario [9]. The expecta- 
tions for other important MSSM Higgs discovery channels in CMS [10] and the 
exclusion region from LEPH [11] are also shown in the figure. The H, H ^ tt 
channels are found to be insensitive for stop mixing, the SUSY scale and for the 
sign of the Higgsino mass parameter fi, for high enough tan[3 ( >, 10). A system- 
atic study of the A, H ^ tt with (Z and lepton+r jet final states is also 
presently in progress in CMS including full simulation the combined triggers, t 
identification, r tagging with impact parameter and vertex reconstruction, Higgs 
mass reconstruction and b-tagging in the associated production channels. 




Fig. 4. Expected 5cr discovery reach for the MSSM Higgs bosons in CMS in the max- 
imal mixing scenario for 30/5^^ as a function of vta and tan(3. The shaded area is 
excluded by LEP 
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2 Observability of SM Higgs qq — )■ qqH, H — )■ rr 

It has been shown in [12] that observability at LHC of the light Standard Model 
Higgs boson produced via weak boson fusion and decaying into 77 , tt and W W 
may significantly extend the measurement of the Higgs boson couplings. We 
present here the CMS fast simulation study on tt mode with lepton+r jet final 
state and comparison with parton level simulation done in [14]. 

2.1 Signal and Background Generation 

Higgs events produced via weak boson fusion have been generated with PYTHIAS. 7 
[13]. Backgrounds considered in this study are QCD and EW production of 
Z jj {Z — ^ TT — ^ + T jet) and IT + (IT — ^ e(yu) + v). We didn’t con- 
sider bb-\- jj background, however it’s expected to be relatively small [14]. QCD 
Z + jj production has been generated with LO matrix element from D. Zeppen- 
feld interfaced with PYTHIA. EW Z + jj production has been simulated with 
COMPHEP [15] interfaced with PYTHIA. IT + 3j events have been produced 
with PYTHIA which may underestimate cross-section. 

Fast detector simulation with CMSJET [7] has been performed both for the 
signal and background events. One of the key point of all searches for the light 
Higgs produced via weak boson fusion is a mini jet veto : veto events with addi- 
tional soft {Et > 20 GeV) jet(s) inside rapidity gap between two tagging jets. 
An efficiency of mini jet veto is extremely sensitive to a such effects as calibra- 
tion, electronic noise and readout thresholds, interaction of soft particles in the 
tracker in front of the calorimeter, magnetic field, pile up activity. Since we didn’t 
expect that fast CMSJET simulation can properly reproduce some of those ef- 
fects, we did not evaluate mini jet veto efficiency from CMSJET simulation. We 
use instead the efficiency of mini jet veto Pgurv taken from [16] : 0.87 for the 
signal and EW Z + jj background and 0.28 for QCD backgrounds as a multi- 
plicative factor. Pgurv calculated in [16] is a probability to radiate an additional 
jet (parton) in the rapidity gap between two tagging jets. It’s assumed that a 
such jets is reconstructed with 100 % efficiency. CMS full simulation study on 
soft jet reconstruction [17] shows that with a dedicated window algorithm it’s 
possible to reconstruct 20 GeV jets at low luminosity with a good purity and 
about 100 % efficiency. The problem of the false jet reduction however has still 
to be investigated. 

We use off-line t jet identification efficiency with calorimeter and tracker 0.32 
and jet misidentification as t jet 0.0019 obtained from the full simulations [18]. 

A realistic efficiency of the lepton triggering and reconstruction of 0.9 is used. 

2.2 Event Selections and Results 

In the event selection the following cuts are applied: 

• Pt > ISGeV, \qi\ < 2.4; 

• Elj, > 30 GeV, \rjr-jet\ < 2.4; 
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• m min ^ V l,T—jet ^ max 0.7, 

• \rjji-r]j2\ > 4.4, rjjirjj2 < 0; 

• Mjij2 > 1000 GeV"; 

• < 30 GeV; 

• 0 < Xri < 0.75, 0 < Xrh < 1; 

• I'm-TT —rriffl < 15Ge\4; 

where x-ri and x-rh is a fraction of the visible (measured) energy of r leptons and 
ji and j 2 means tagging jets. 

Number of signal events for Mh=^^5 GeV and number of different back- 
ground events expected after all selections for an integrated luminosity 30 fb^^ 
are shown in Table 1. An errors correspond to MC statistics used in this study. 
For comparison a number of events estimated in [14] are also shown in the second 
row. 



Table 1. Number of signal and different background events expected after all selections 
for an integrated luminosity 30 fb^^ 



Higgs, Mn=135 GeV 


QCD Z+jj EW Z+jj W+3j 


6.7T0.3 


0.63±0.10]0.74±0.08l 0.14T0.05 


6.2 (from [14]) 


total background from [14] is 1.1 



Table 2. Number of signal and total number of background events expected after all 
selections for an integrated luminosity 30 fb^^. Higgs production cross-section in pb 
and Br{H — s- rr) as calculated by VV2H and HDECAY are shown in the first two 
rows 



Mh, GeV 


115 


125 


135 


145 


a{qq qqH), pb 


4.49 


4.15 


3.81 


3.57 


Br{H ^tt), % 


7.2 


6.1 


4.5 


2.6 


Signal 


12.6 


9.9 


6.7 


3.6 


Total background 


5.5 


2.3 


1.5 


1.1 



Number of signal and total number of background events expected after all 
selections for an integrated luminosity 30 fb^^ are shown in Table 2. Higgs 
production cross-section in pb and Br{H — ^ tt) as calculated by VV2H and 
HDECAY packages [19] are presented in the first two rows of Table 2. 

The reconstructed effective mass of two r leptons for the background QCD 
and EW Z + jj {Z ^ tt ^ I t jet) and Higgs of Mh=135 GeV is shown 
in Fig. 5 . Distributions are normalised on expected number of events after all 
selections (not including window) for integrated luminosity 30 fb^^. 
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Fig. 5. Reconstructed effective mass of two r leptons for background QCD and EW 
Z-\-jj {Z ^ TT ^ l-\-T jet) and Higgs of Mh =135 GeV. Distributions are normalised on 
expected number of events after all selections (not including ttItt window) for integrated 
luminosity 30 
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Abstract. A general-relativistic formalism describing a system of self-gravitating 
charged bosons is given. It describes the system at zero as well as at finite temper- 
ature and chemical potential. A phase transition (Bose-Einstein condensation) occurs 
at some critical temperature. 



1 Introduction 

Boson stars are candidates for dark matter ([6]). They are composed of mas- 
sive spin 0 particles, such as Higgs, axion, and supersymmetric partners. Their 
description is based on the assumption that non-gravitational interactions can 
be neglected ( [2] ) . In this paper we study their properties at finite temperature, 
assuming thermodynamical equilibrium with the rest of the Universe. Today, 
T -C m, so the temperature effects are irrelevant to their present properties. 
However, in an early stage of the Universe evolution, T m, so the temperature 
effects are important for understanding the formation of boson stars. 

A maximal mass M, above which the pressure cannot compensate for the 
gravitational attraction, is typical of systems described by general relativity. 
The mass is related to the radius r of the system as 

GM-r. (1) 

Denoting the energy density by p and using M pr^, we find 

r ^ (pG)-V2 , (2) 

M - (pG3)-V2 _ (3) 

A boson condensate at 1/' = 0 is described by the Klein-Gordon equation, so 
we estimate 

r , (4) 

M Mpj/m , (5) 

p - m^M^i , (6) 

where 

Mpi = ^/hc/G = (7) 

is the Planck mass. 
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In the gas phase, bosons have the Bose- Einstein distribution, so for T m 
we estimate 

pr^m^ , ( 8 ) 

M - , (9) 

r Mpi/m^ . (10) 

The transition from one phase to another occurs through a phase transition. 
In this paper we present the formalism that describes both phases at finite tem- 
perature. The formalism determines the order and temperature of the transition, 
as well as the dependence of the mass, entropy and radius on the temperature 
and number of particles. 



2 Einstein Equations 

The metric is described by the Einstein equations 

= . ( 11 ) 

In the case of spherical symmetry and time independence, the metric takes the 
form 

g -^^2 ^^^ 2 ) ^ (^ 2 ) 

In this case, the Einstein equations reduce to 

;/'=_87rG'T;re^+i(e^-l), (13) 

y = STrCr^re^ - -(e^ - 1) . (14) 

r 

In the case of a perfect fluid, the energy-momentum tensor takes the form 
'Ru = {p+p)u^u^ -ffyP ■ 

Therefore, Tq = p, = —p. 

We define the function A4(r) through the relation 

^ 

1 - 2GM/r ■ 

This implies that A4(r) is the mass contained inside the radius r, i.e. 

A4{r) = / dr p . 

Jo 



(15) 



(16) 



( 17 ) 
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3 Complex Scalar Field in Curved Space-Time for T = 0 

The action of the complex scalar field is 

S' = y [g^'' {dij,4>*){di,4>) - </>*</>] . (18) 

We study a particular class of solutions of the corresponding equation of motion, 
such that it takes a form 



—iuit -^(r) /in\ 

<t>{r,t) = e . (19) 

The equation of motion (Klein-Gordon equation in curved space-time) reduces 
to 

F" + + '-^F' + - m^)F = 0 . (20) 

The relevant components of the energy-momentum tensor resulting from (18) 
and (19) are 

'1q=P = F F'^e-^ + m^F^] , (21) 

-T^. =p = _^2p2] _ (22) 

Similarly, the corresponding conserved current is 

= xg^^''{4>*d,4>-4>d.4>n (23) 

= f— 2^<)>V,0,0,oV (24) 

\9oo ) 

The soliton solutions F{r) of the equations given above are extensively dis- 
cussed by [2] . 



4 Generalization to Finite Temperature 

The system at finite temperature is described by the partition function 

Z = = I [dg][cM][rM*]e-^'<^-^'^^ , (25) 

where /? = 1/T is the inverse temperature, H is the Hamiltonian, g is the 
chemical potential and N is the conserved number of particles (charge). The 
action ([4]) 

= -uta ( 26 ) 
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is the effective Euclidean gravitational action. Here 



drx -- 



'Y 



/ dr dx^dx^dx^ 

'o Js 



( 27 ) 



so the variable t is related to ffnite temperature, not to the physical-time evo- 
lution. The boundary term in the action appears because the integration is over 
a manifold with a boundary, which is related to ffnite f3 = IjT and ffnite radius 
R. The Klein-Gordon effective action is 



S'kg= / + 



(28) 



lY 



where ([5]) 



III 

o 


(1 


(29) 


do4> = 




(30) 


d>{x) = 


4>{x) + 1 p{x) , 


(31) 



We decompose <P{x) as 



where <f> is the condensate equal to the expected value of d>. The held <f> extrem- 
izes the action, i.e. satisfies the classical equation of motion. The held -0 is a 
fluctuation about the expected value. In our calculations we neglect the metric 
fluctuations, so the partition function can be written as 



where 



are classical actions and 



Z — ZgZ^cd-^th , 


(32) 


Zg = , Zed = 


(33) 


^th= 


(34) 



describes the thermal fluctuations. It can be written as 



InZth = J d^x \J gr(3) liiz{x) 



where 



Inz(x) = — / - — ^[ln(l — e ^i) + ln(l — e 

J 

has a form similar to that in flat space-time. Here 

E = +m^ , q(x) = qj \J gm{x) , /?(x) = l3^/goo{x) , 



(35) 

(36) 

(37) 
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where Jl{x) and /?(x) are the local chemical potential and the local inverse tem- 
perature, respectively. The thermal contributions to the pressure, energy density, 
particle-number density and entropy density are given by 



Pth = ilnz , 
P 


(38) 


dp -pp 


(39) 


1 d 


(40) 


p op 


= PiPth + Pth - pnth) , 


(41) 



respectively. Recall that the particle-number density actually represents the den- 
sity of the difference of the number of particles and that of antiparticles. 

We introduce the thermodynamical potential given by 

/c) = -^lnZ = M- ^ + Pth + Pth] , (42) 

and the free energy 

P(/3, N) = l?(/3, p) + pW . (43) 

h'or u! = fj,, which corresponds to the thermodynamic equilibrium in which the 
periodic condition <()(/?) = <()(0) is satisfied, (43) becomes 

F = M-TS , (44) 

which is a relation well known from thermodynamics because the mass M is 
equal to the total energy of the system. The free energy is an important quantity 
because, at a given temperature, the system in thermodynamic equilibrium takes 
the configuration which has the minimal free energy. 
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While other dimensionless parameters are chosen such that they are of the order 
of unity, the parameter rf is typically a very small parameter. The dimensionless 
energy density is 



P 



P 



1 

2 



(x + 2)^2 



X - 2M 

X 



df 

dx 



+ PPt\i ■ 



(48) 



The dimensionless thermal contribution to the energy density pth is chosen such 
that it is of the order of unity ([!]). We see that the thermal contributions to 
the energy density are suppressed because rj is very small. Similar relations are 
also valid for the pressure p and the particle density n ([!]). 

We introduce a new variable y defined by 



y{x) 



1 



m? y(x) + 1 

To avoid the divergences at x = 0, we have to require 



M{0)=0, ^ 

ax 



0 . 



cc=0 



(49) 



(50) 



The other two initial conditions y>(0) and y(0) are simultaneously found from 
the requirement that y>(oo) = 0 and that the total particle-number N is fixed. 

The radius R is not fixed by the model itself. To fix it, we use the following 
physical arguments. In an early stage of the Universe evolution, bosons are in a 
purely gas phase, in lumps with a huge number of particles and a huge radius: 



^^gas 




(51) 


-^gas 


Mpi/m^ . 


(52) 



By cooling, the initial huge lump of bosons decays into a number of small boson 
stars A'stars ^gas/^cd Mpi/m. The volume occupied by each of these small 
boson stars is of the order V Nst^rs, so the radius R is 



R 



1 



(53) 



We see that, for -C 1, 

i?cd < i? < Rgas ■ (54) 

For T m, the contributions to the total number of particles from gas and the 
condensed phase are of the same order inside the radius R. 

The results of detailed numerical calculations are presented in the paper of 
[1]. It appears that the quantities like the mass M and the entropy S change 
continuously and smoothly at the critical temperature of the phase transition, 
provided that -C 1. This corresponds to a second-order phase transition. How- 
ever, when p is comparable to 1, then M and S do not change continuously at the 
critical temperature of the phase transition, which corresponds to a first-order 
phase transition. 
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6 Conclusions 

Boson stars are candidates for dark matter. A phase transition (Bose-Einstein 
condensation) occurs by cooling the self-gravitating system of bosons. If the mass 
of the boson is much smaller than the Planck mass, then the density of gas is 
much smaller than the condensed-soliton density, so the influence of gravity on 
the gas phase is negligible. Consequently, the phase transition is a second-order 
transition, similarly to the case of non-interacting bosons ([3]). If the mass of the 
boson is close to the Planck mass, then the transition is a first-order transition. 



Acknowledgment 

This work was supported by the Ministry of Science and Technology of the 

Republic of Croatia under Contract No. 00980102. 

References 

1. Bilic and Nikolic (2000) Bilic N., Nikolic H. (2000): Nucl. Phys. B 590 , 575 

2. Friedberg et al. (1987) Friedberg R., Lee T.D., Pang Y. (1987): Phys. Rev. D 35 , 
3640 

3. Haber and Weldon (1982) Haber H.E., Weldon H.A. (1982): Phys. Rev. D 25 , 
502 

4. Hawking (1979) Hawking S.W. (1979): in General relativity: An Einstein cente- 
nary survey, edited by Hawking S.W. and Israel W. (Cambridge University Press, 
Cambridge) 

5. Kapusta (1989) Kapusta J.l. (1989): Finite-temperature field theory (Cambridge 
University Press, Cambridge) 

6. Mielke and Schunck (2000) Mielke E.W., Schunck E.E. (2000): Nucl. Phys. B 
564 , 185 




BLM Scale for the Pion Transition Form Factor* 



Blazenka Bene Nizic®, and Kornelija Passek® 

^ Institut fiir Physik, Universitat Mainz, D-55099 Mainz, Germany 
^ Institut fiir Theoretische Physik, Universitat Wurzburg, D-97074 Wurzburg, 
Germany 

® Theoretical Physics Division, Rudjer Boskovic Institute, P.O. Box 180, HR-10002 
Zagreb, Croatia 



Abstract. We review the determination of the NLO Brodsky-Lepage-Mackenzie (BLM) 
renormalization scale for the pion transition form factor. We argue that the prediction 
for the pion transition form factor is independent of the factorization scale at every 
order in the strong coupling constant. 



1 Introduction 

The pion transition form factor, the simplest exclusive quantity, offers an excel- 
lent testing ground for QCD. For large virtualities of the photons (or at least 
for one of them) perturbative QCD (PQCD) is applicable [1]. A specific feature 
of this process is that the leading-order (LO) prediction is zeroth order in the 
QCD coupling constant, and one expects that PQCD for this process may work 
at accessible values of spacelike photon virtualities. 

The pion transition form factor is defined in terms of the amplitude 

+l{k,v) -k{P) 

= te^ P^q^, ( 1 ) 

and for large- momentum transfer = —q'^, it can be represented [ 2 , 1 ] as a 
convolution 

F.jT.iQ'^) =<P*{x,jj,l,) (E) ( 2 ) 

where (g) stands for the usual convolution symbol {A{z)(g)B{z) = dzA(z)B(z ) ). 
In (2), the function Th{x, Q'^, i-tp) is the hard-scattering amplitude for producing 
a collinear qq pair from the initial photon pair; <P*{x, jj?p) is the pion distribution 
amplitude (DA) representing the probability amplitude for finding the valence qq 
Fock state in the final pion with the constituents carrying fractions x and (1 — x) 
of the meson’s total momentum P; fj?p is the factorization (or separation) scale 
at which soft and hard physics factorize. In this standard hard-scattering ap- 
proach, pion is regarded as consisting only of valence Fock states, transverse 
quark momenta are neglected as well as quark masses. 

The hard-scattering amplitude Th is obtained by evaluating the 7*7 — ^ qq 
amplitude, and has a well-defined expansion in asi/Xp), with /Xp being the renor- 
malization (or coupling constant) scale of the hard-scattering amplitude. Thus, 

* Talk given by K. Passek at the 8th Adriatic Meeting, Dubrovnik 2001. 
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one can write 



Th(x, = T^\x, Q 2 ) + Mf) 






(4f) 



Ir Q 



( 3 ) 



The process- independent function <P{x,ij,'p) is intrinsically nonperturbative, 
but it satisfies an evolution equation of the form 



d 

I^FT^Hx, ixp) = V{x,u,as{jJ?p)) (g) <P{u,jj?p)-. 

Oflp 



( 4 ) 



where V{x,u,as{ixp)) is the perturbatively calculable evolution kernel. If the 
distribution amplitude <P{x,ij,'q) is determined at an initial momentum scale /cg 
(using some nonperturbative methods), then the differential- integral evolution 
equation (4) can be integrated using the moment method to give <P{x, fj?p). 

The perturbative expansion of the pion transition form factor takes the form 



F^.(Q2) = f(0)(q2)^ 






(47t)2 



+ . (5) 



The choice of the expansion parameter represents the major ambiguity in 
the interpretation of the perturbative QCD predictions. We see that the cou- 
pling constant 0 !s(/r^), as well as, the coefficients (i > 1) from (5), depend 
on the definition of the renormalization scale and scheme. The truncation of 
the perturbative expansion at any finite order causes the residual dependence 
of the prediction on the choice of the renormalization scale and scheme, and 
introduces the theoretical uncertainty. If one can optimize the choices of the 
scale and scheme according to some sensible criteria, the size of the higher-order 
correction as well as the size of the expansion parameter, i.e. the QCD running 
coupling constant, can then serve as sensible indicators of the convergence of the 
perturbative expansion. 

The simplest and widely used choice (the justification for the use of which 
is mainly pragmatic), is to take the /Xp scale equal to characteristic momentum 
transfer of the process, i.e. in our case /Xp = . But since each external mo- 

mentum entering an exclusive reaction is partitioned among many propagators of 
the underlying hard-scattering amplitude, the physical scales that control these 
processes are inevitably much softer than the overall momentum transfer. 

Several scale setting procedure were proposed in the literature [3,4,5]. In the 
Brodsky- Lepage-Mackenzie (BLM) procedure [5], all vacuum-polarization effects 
from the QCD /?- function are resummed into the running coupling constant. Ac- 
cording to BLM procedure, the renormalization scale best suited to a particular 
process in a given order can be, in practice, determined by computing vacuum- 
polarization insertions in the diagrams of that order, and by setting the scale 
demanding that n^-proportional terms should vanish. The optimization of the 
renormalization scale and scheme for exclusive processes by employing the BLM 
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scale fixing was elaborated in [6] . The renormalization scales in the BLM method 
are physical in the sense that they reflect the mean virtuality of the gluon prop- 
agators and the important advantage of this method is “pre-summing” the large 
(/ 3 oos)" terms, i.e., the infrared renormalons associated with coupling constant 
renormalization ([6] and references therein). 

In our recent work [ 7 ] we have determined the BLM scale for the pion tran- 
sition form factor, i.e., for the 7*7 — ^ tt process. The LO prediction for the 
pion transition form factor is zeroth order in the QCD coupling constant, the 
NLO corrections [8] represent leading QCD corrections and the vacuum polariza- 
tion contributions appearing at the next-to-next-to-leading order (NNLO) were 
needed to fix the BLM scale from from the requirement 

Fjtt’ = ^ ( 6 ) 

where represents the n^-proportional NNLO term from ( 5 ). 

In this work we outline important points of this calculation and present the 
results that follow from the consistent calculation up to n^-proportional NNLO 
contributions to both the hard-scattering and the distribution amplitude. 

2 Analytical Calculation 

We first outline the calculational procedure and its ingredients which are illus- 
trated in Fig. 1 . 

The 7* + 7 — ^ amplitude denoted by T contains collinear singularities, 

and it factorizes as 

T{u,Q'^) = Th{x,Q'^ , jAp) ® Zt,coi{x,u; jxp) . ( 7 ) 

Here, denotes a factorization scale at which the separation of collinear singu- 
larities takes place, and all collinear singularities are factorized in Zt,coI, since 
Tp is, by definition, a finite quantity. 




Fig. 1. Pictorial representation of the pion transition form factor calculational ingre- 
dients. 
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On the other hand, a process-independent distribution amplitude for a pion 
in a frame where T’+ = = 1 , F^ = F^^ — F^ = 0, and = 0 is defined 

[1,9] as 

( 8 ) 

where 1 ? = exp l^ig dsA^ {zs)z~ /2^ is a path-ordered factor making ^ gauge 
invariant. The unrenormalized pion distribution amplitude <P{u) given in ( 8 ) and 
the distribution amplitude <P(v,jj,p) renormalized at the scale gp are related by 
a multiplicative renormalizability equation 




d>{u) = Z^pen{u,v; fj?p) (g) ^(n, jj?p) 



(9) 



By convoluting the “unrenormalized” (in the sense of collinear singularities) 
hard-scattering amplitude T{u,Q'^) with the unrenormalized pion distribution 
amplitude <P{u), given by (7) and (9), respectively, one obtains 

F.f^{Q'^) = <pHu) (E) T{u,Q'^). (10) 

The divergences of T{u, Q^) and <P{u) cancel 

Zt,coi{x,u; jj,p) (g) Z^pen{u,v;jj,p) =5{x-v) , (11) 

and the usual expression (2) emerges. It is worth pointing out that the scale fj?p 
representing the boundary between the low- and high-energy parts in ( 2 ) is, at 
same time, the separation scale for collinear singularities in T(m, Q^), on the one 
hand, and the renormalization scale for UV singularities appearing in ^(m), on 
the other hand. 

We note also that the pion distribution amplitude as given in (8), with [tt) 
being the physical pion state, of course, cannot be determined using perturbation 
theory. We can write F{u) as 



d>{u) = 4>{u,t) ® {qq]t\T^) , 



( 12 ) 



where (f>{u, t) is obtained from (8) by replacing the meson state [tt) by a \qq; t) 
state composed of a free quark and antiquark. The amplitude <f> can be treated 
perturbatively, making it possible to investigate the high-energy tail of the pion 
DA, to obtain Z^pen and to determine the DA evolution. 

We proceed to calculation. This is the first calculation of the hard-scattering 
amplitude 'F{u,Q'^) of an exclusive process with the NNLO terms taken into 
account. The subtraction (separation) of collinear divergences at the NNLO is 
significantly more demanding than that at the NLO. Owing to the fact that the 
process under consideration contains one pseudoscalar meson, the calculation is 
further complicated by the 75 ambiguity related to the use of the dimensional 
regularization method to treat UV and collinear divergences. The consistent 
calculation of T and <f> enable us to resolve these problems and, hence, we have 
calculated the LO, NLO, and n,/ -proportional NNLO contributions to the pertur- 
bative expansions of both the hard-scattering amplitude and the perturbatively 
calculable part of the distribution amplitude. 
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3 Discussing the Factorization Scale Independence 
of the Finite Order Result 

The dependence of pion distribution amplitude ^(x, jj?p) on jj?p is specified by 
the evolution equation (4). This dependence is completely contained in the evo- 
lutional part (})v 



<P{v, Up) = (pviv, s; Hp, nl) ® <P{s, /cq) , (13) 

which satisfies the evolutional equation 
d 

(g) ( 14 ) 

while <P{s,ij,g) represents the nonperturbative input determined at the scale 
By differentiating (2) with respect to and by taking into account (4), one 
finds that the hard-scattering amplitude satisfies the evolution equation 

d 

= ® V{y,x;f4,), (15) 

which is similar to (4). The dependence of (x, yu|,) can be, analogous 

to (13), factorized in the function <)>v(y, x, fxp) as 

Th(x, Q‘^,ij-p) = Th{v, = Q^) ® 4>v{y, X, Q‘^,iJ,p) ■ (16) 

Using (14) one can show by partial integration that (16) indeed represents the 
solution of the evolution equation (15). 

By substituting (13) and (16) in (2), we obtain 

=TH(y,Q‘^,Q‘^) (8)<)>v(y, s,Q^Mo) ® (17) 

where 

4>v{y, X, /r|,) (g) (f>v{x, s, y?p, yl) = (f>v{y, s, yl) , (18) 

has been taken into account. It is important to realize that the expression (18) 
is valid at every order of a PQCD calculation, and this can be easily shown (see 
[7]). Hence, the factorization scale y'p disappears from the final prediction at 
every order in as and therefore does not introduce any theoretical uncertainty. 
The crucial point is that both the resummation of (as ln(/r^/yUo))" terms in <P as 
well as the resummation of (ag ln(Q^/p,^))" terms in T^j, have to be performed 
using (13) and (16) along with the results from (14). We note here that by 
adopting the common choice y'p = we avoid the need for the resummation 
of the (as ln(Q^/yu|,))" terms in the hard-scattering part, making the calculation 
simpler. 
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4 Numerical Predictions 



We refer to [7] for the complete analytical expressions for the pion transition 
form factor calculated up to proportional NNLO terms. 

The prediction for the pion transition form factor and the BLM scale 
depend on the form of the distribution amplitude. There is increasing theoret- 
ical evidence coming from different calculations [10] that the low energy pion 
distribution amplitude does not differ much from its asymptotic form. 

The expression for the pion transition form factor Q '^ corresponding 
to the asymptotic distribution reads 










47T 



(- 20 ) 



(47t)2 



X 




-43.47-20 In^ 



(19) 



where = V2/6 is a flavour factor, while /tt = 0.131 GeV. The n^-proportional 
NNLO contribution determines the value of the BLM scale 



2 _( 2 ^ 

I^R — \FbLMJ ~ o 



( 20 ) 



One notes that this scale is considerably softer than the total momentum transfer 
which is consistent with partitioning of among the pion constituents. 

The NLO predictions obtained in the MS scheme are displayed in Fig. 2. The 
predictions based on the asymptotic DA are, in contrast to the ones obtained 
using the CZ DA [11], in good agreement with the experimental data [12]. 

Nevertheless, the rather low BLM scale given in (20), and consequently the 
large Q;s(/UBiM)) questions the applicability of the perturbative prediction at 




Fig. 2. The LO and NLO predictions for the pion transition form factor obtained using 
the MS scheme (and the usual one-loop formula for as with Aj^ = 0.2 GeV^). 
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experimentally accessible momentum transfers. The NLO predictions obtained 
assuming the asymptotic DA and the BLM scale (20) satisfy the requirement 
as{jJ?p) < 0.5 for > 6 GeV^. This reliability limit is indicated on Fig. 2. The 
transition to the more physical cty scheme, may offer a way out of this problem. 

In [6] the exclusive hadronic amplitudes were analysed in the cty scheme, in 
which the effective coupling is defined from the heavy-quark potential 

V (p,^). The dy scheme is a natural, physically based scheme, which by definition 
automatically incorporates vacuum polarization effects into the coupling. The 
scale reflects the mean virtuality of the exchanged gluons. 

If use is made of the scale-fixed relation between the couplings a.-^ and ay 
[6] then, to the order we are calculating, the NLO prediction in the cty scheme 
is obtained by taking = p^ = i-®- ^^e asymptotic DA 

= e"/' {AlmT ^ % ■ (21) 

The NLO prediction for Q^fly 7 r(Q^) obtained in ay scheme is depicted in Fig. 3. 
As can be seen, it is in good agreement with experimental data. We note that, 
since ay is an effective running coupling defined from the physical observable, 
it must be finite at low momenta, and the appropriate parameterization of the 
low-energy region should in principle be included (see [13] for various proposals). 




Fig. 3. The LO and NLO predictions for the pion transition form factor in the ay 
scheme (Ac = 0.16 GeV^). 



5 Conclusions 

In this paper we have reviewed the determination of the NLO BLM scale for the 
pion transition form factor. A consistent calculation of both the hard-scattering 
and the perturbatively calculable part of the pion distribution amplitude has 
been performed up to n,^-proportional NNLO terms. 
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It has been demonstrated that the prediction for the pion transition form 
factor is independent of the factorization scale fip at every order in the strong 
coupling constant as- Provided both the hard-scattering and the distribution 
amplitude are treated consistently regarding their fj?p dependence, the factor- 
ization scale disappears from the final prediction at every order in as without 
introducing any theoretical uncertainty. One can use jj?p = to simplify the 
calculation, but any other choice would lead to the same result. 

The renormalization scale fj?p fixed according to the BLM scale setting pre- 
scription within the MS scheme and corresponding to the asymptotic pion distri- 
bution amplitude, turns out to be ~ Thus, in the region of < 8 

GeV^, in which the experimental data exist, < 1 GeV^. Gonsequently, 

the prediction obtained with = I^%lm cannot, in this region, be considered 
reliable. 

In addition to the results calculated in the MS renormalization scheme, the 
numerical prediction assuming the same distribution but in the ay scheme, with 
the renormalization scale ~ Q'^ has also been obtained. 

It is displayed in Fig. 3 and, as seen, is in good agreement with experimental 
data. Due to the fact that the scale fjiy reflects the mean gluon momentum in 
the NLO diagrams, it is to be expected that the higher-order QGD corrections 
are minimized, so that the leading order QGD term gives a good approximation 
to the complete sum. 
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1 Massive Neutrinos and Lepton Mixing 

In the present exciting moment of neutrino physics we have two important pieces 
of evidence for neutrino conversions: 

(i) A conversion of dominantly to from deficit in atmospheric neutrinos 
[ 1 ], with the up/down asymmetry established in induced events; 

(ii) A conversion of the solar v,, into or inferred by combining SuperKamiokande 
[1] and SNO [2] data. 

This robust evidence can be accommodated within the standard model (SM) 
by assuming masses and mixing of three standard (active) neutrinos, as follows. 

The known matter fields are grouped, generation by generation, within five 
different representations of the Standard Model gauge group Gsm = SU (3)c x 
At/(2)L X t/(l)Y, 



2)+i/6, 1)y2/3, 

-^L(L2)_i/2, [noVRj] . 



Here the index I denotes gauge- interaction eigenstates, and the index * = 1, 2, 3 
is the generation index. The easiest way to introduce neutrino masses is to 
go slightly beyond the minimal SM, by introducing additional S'[/(2)j^-singlet, 
“sterile”, right-handed neutrinos l)o = This results in the Dirac 

neutrino mass matrix 

■ ( 1 ) 

The mass matrix of charged leptons Mi and the Dirac neutrino mass matrix 
can be diagonalized by bi-unitary transformations 

MA = VilMAr = diagjme, m^, nir} , 

M^diag ^ = diag{mi, m 2 , m 3 } . 
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In the basis of the neutrino mass eigenstates [i/i, 1 ^ 2 , 1 ^ 3 ), there is a 3 x 3 flavour 
mixing matrix entering the charged lepton current interactions, 



t/MNS ^ 



which in the standard parametrization of the mixing among neutrinos reads 



no 0 

f^MNS = I *^23 «23 
V 0 — S23 C23 



ci3 0 siae 
0 1 0 

-si3e‘'^ 0 ci3 



C12 S12 0 
-Sl2 C 12 0 
0 0 1 



( 2 ) 



This leptonic analogue od the Cabibbo-Kobayashi-Maskawa (CKM) matrix, 

fn\ (vi\ /U,iU,2U,3\ fn\ 

= ^MNS ^2 ) = 11^2 ) ^2 ) , (3) 

\nj VsJ \UriUr 2 Ur 3 J \ 1 y 3 J 

generalizes the 2x2 lepton flavour mixing, first introduced by Maki, Nakagawa 
and Sakata [3]. 

An input from short-baseline reactor neutrino experiments [4,5], the small 
value |tfe 3 | = si 3 < 0.16 which decouples solar and atmospheric neutrino oscil- 
lations, enables the separate two-flavour fits: 

Aml 2 <2-10 ^ eV^ (solar neutrino oscillations) ; 

Z\m 23 22 3 • 10^® eV^ (atmospheric neutrino oscillations) . 

Basically, this will give 1/3 mass eigenstate above or below the “solar doublet” 
(i/i and i/ 2 ). In addition, one can construct the lepton flavour mixing matrix with 
a reasonable accuracy [6] . The preferable solution corresponds to the oscillation 
in matter with a large mixing angle. This LMA solution to the solar neutrino 
problem (where only moduli of the elements can be shown [6]) 

/ 0.74 - 0.90 0.45 - 0.65 < 0.16 \ 

t^MNS = 0.22-0.61 0.46 -0.77 0.57- 1/a/2 , (4) 

V 0.14 -0.55 0.36 -0.68 I/a/2-0.82 / 

shows a “democratic” mixing, very different from the “hierarchical” one in the 
quark sector. Apart from being unanticipated, this bears some profound conse- 
quences [7]. Note that all matrix elements are of the order unity, with an ex- 
ception of the already mentioned upper-right entry jl/esl- Essentially, the LMA 
solution provides a rather restrictive scenario with small neutrino masses, so that 
the most significant observable effect of the mixing is that of neutrino oscillations. 
Neutrino decay and spin resonant rotation are not completely excluded, as well 
as more exotic possibilities, such as non-standard flavour-changing interactions 
or violation of equivalence principle. 




Selected Conversions of Massive Neutrinos 



125 



2 Radiative Corrections to Neutrino— Electron Scattering 

Is there some information which neutrino decays could give us on the lepton 
mixing? In fact, this will depend very much on the values of neutrino masses. 
For example, the t ^L(p)C(A:^)e^(A;_) decay (originally considered in 

[8], and reconsidered more recently in [9]), was used [10] for constraining the 
MNS matrix element. Although allowed by the existing direct laboratory mass 
limit of '^18 MeV for Vr, the global fit which leads to (4) requires simultaneously 
sub-eV mass eigenstates that exclude this decay. Accordingly, one is left with 
the scattering variant of this process which might play some role in astrophysical 
environments. 

The S-matrix for scattering of the massive neutrinos on the electron contains 
the diagrams in Figs. 1 and 2 which will generate the nondiagonal, heavy(z/jj)- 
to-light(z/i), transition 

^ e7^(/v - /A75)eJ?L7M(l • (5) 

We study the form-factors fv and /a in the adopted framework for massive 
neutrinos, which is the standard electroweak theory extended by extra parame- 
ters. Recently, we employed the same framework (providing also charged-lepton, 
flavour- violating transitions) in calculating the radiative annihilation of muo- 
nium [11,12]. Here, the quantities fv and are finite and calculable within 
such a renormalizable gauge theory. 





Fig. 1. Tree-level Feynman diagram (a) , describing the nondiagonal neutrino electron 
interaction, and the corresponding radiative correction diagram (b) 




(a) (b) 

Fig. 2. One-loop nondiagonal radiative neutrino-electron interaction (a), and the 
photonic-loop diagram (b) induced by the vui'L't'y vertex {the shaded circle) 
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The referent tree-level amplitude corresponding to the diagram on Fig. 1(a) 
reads (after a Fierz transformation) 

Aree = ^ ^ A„m(p)7^( 1 - 75 )m(P) 

^ a=iJ,,T 

xm(A;_) 7^(1 -7s)n(A:+) , (6) 

where the summation over combinations Aq, = UaHU*j^ appears on account of 
the unitarity of Fmns- 

Let us note that the radiative correction displayed on Fig. 1(b) preserves 
the pure V-A structure of the tree amplitude, and can accordingly be absorbed 
by the Fermi coupling. On top of it there are one-loop electroweak corrections 
to the tree-level process, which change its V-A structure. We refer to [9] for a 
more complete exposition of the electroweak W-box diagrams (that are power 
suppressed), and the Z-triangle diagrams (that are suppressed by the 
factor). On Fig. 2(a) we explicate only the one-loop (IL) radiative contribution 
that dominates in the set of electroweak diagrams considered in [9] . The pertinent 
amplitude 



A, 



IL 

ad 



Gp 

a/2 247t2 

\_ CX = IJ,,T 

X u{k_Yi^v{kp 



E 

mi 



u{pYY{\ - 75)m(P) 



(7) 



contains purely vector electron current in comparison to the V-A one contained 
in (6). Thus, in the sum of (6) and (7) 



G 

Aree+Add = ( 1 ~ 75 )«(■?) 

X u{k-hfiifv - /a75)«(A) > 



( 8 ) 



this one-loop radiative correction modifies only the vector form factor 

fv= Y. + (9) 



leaving /a = 1 intact. The correction term in (9) acquires a simple leading 
logarithmic form. 



rlL _ _0L It, 

37t m. 



( 10 ) 



In what follows we focus to the next order radiative correction shown on 
Fig. 2(b) which will modify (in complementary way) the axial-vector form fac- 
tor /a in (8). This contribution corresponds to the two-loop electroweak dia- 
grams considered by us [13] in the context of the flavour-changing sd — ^ p jiT 
transitions. In the neutrino nondiagonal transition at hand, we employ the one- 
particle-irreducible diagrams in ’t Hooft-Feynman gauge, displayed on Fig. 3. 
These diagrams replace the shaded blob on Fig. 2(b). 
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Fig. 3. Electroweak one-loop Feynman diagrams contributing to uh — ^ in the ’t 

Hooft-Feynman gauge 



In [13] we exposed in detail the dominant diagrams having a leading log 
form. Table 1 displays the contributions denoted by the respective insertions of 
the diagrams from Fig. 3. They build up the two-loop radiative amplitude 

-75)m(P) 

^ CX=IJ,,T 

xu{k^)ji_,j5v{k+) , ( 11 ) 

which modifies the axial- vector form factor /^. The net result 

/a= ^ + Y^^^(a,e)) ) (12) 

a=//,-r 

is expressed in terms of GIM-like combinations 7l(pi_e) and A(J,e)^ displayed in 
Table 1. 

Since the dominant contribution comes from the first diagram in Fig. 3, one 
can rely on the simple analytical form of these functions (TIj-q, g) oc f^) deduced 
previously [14,13]. In close analogy to the one- loop radiative correction in (9) 
and (10), our two-loop radiative correction reads 

/a = ^ ^a(l + /a'"); 



(13) 
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Table 1. Contributions Al,...,Aib from Fig. 3 leading to the pertinent GIM-like 
loop-diagram factors and 



Diagram 






Al 


21.4 


14.0 


Alb 


-0.002 


^ 0 


A2 


0.0007 


0 


A2b 


0.12 


0.0007 


A2c 


0.009 


^ 0 


A3 


0.4 


0.0001 


A3b 


0.03 


^ 0 


Total 


21.6 


14.0 



r2L 



4 7T^ nil 



(14) 



The dominant r-loop (a = t) corrections to the referent tree-loop amplitude, 
given by expressions (10) and (14), are numerically 



- 6.3 • 10^2 , - 6.6 • 10^® 



(15) 



In order to estimate fv and /^, one has to include also the MNS-matrix pref- 
actors, for which we now have the first strong experimental hints. 



3 Conclusions 

In the present account we provide the interaction (5) where the form-factors are 
given by (9)-(10) and (12)-(14). These form-factors have a simple leading-log 
behaviour and describe the nondiagonal neutrino transition in SM, as probed 
by photons. In this sense, our interaction (5) provides a starting point for some 
future considerations of the neutrino electromagnetic properties beyond the SM. 

Actually, recent consideration of the vh — f cl neutrino conversion in hot 
media [15] resides on the variant of our interaction (5) with fv = f A = 1- 
Although we calculate only small departures from this purely V-A interaction, 
it is conceivable [16] that their effects might be considerably amplified (the MSW 
resonant oscillations [17,18] being a well known example). Thus, our study may 
be of relevance for some astrophysical and cosmological considerations. 
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Abstract. We formulate the nonlocal NJL model with a momentum dependent con- 
stituent quark mass and calculate pion light cone wave functions of twist 2 and 3. The 
leading twist wave function is not asymptotic and agrees well with the new CLEO 
data. Normalization conditions for the twist 3 wave functions are used to calculate 
the quark condensate. A prescription to calculate the gluon condensate is proposed. 
The numerical value of the gluon condensate nicely agrees with the phenomenologi- 
cal value, whereas the quark condensate is larger than the phenomenological value of 
— (250 MeV)®. The relation between the fey moments and mixed condensates are used 
to estimate the mixed quark-gluon condensate of dimension 5. 



1 Introduction 

In this short note we shall describe a simple and tractable model for the pion 
light cone wave functions which is based on the instanton model of the QCD 
vacuum. Hadron light cone wave functions were theoretically introduced more 
than 20 years ago [l]-[5]. Recently the analysis of [6] based on the latest CLEO 
measurements [7] put some limits on the expansion coefficients of the axial- 
vector (AV) pion wave function in terms of the Gegenbauer polynomials. This 
analysis indicates that the pion wave function measured at = 1.5 — 9.2 GeV^ 
is neither asymptotic (u) = 6 u(l — u) (with u being the fraction of the pion 
momentum carried by the quark) nor of the form proposed by Chernyak and 
Zhitnitsky in 1977 [8]: <(>c^(w) = 30 u(l — u)(l — 2u)^ . These two wave functions 
together with a typical prediction of the present model are shown in Fig. la. In 
Fig. lb we show the 95% and 68% confidence level contour plots in the 02 — 0,4 
parameter space from the analysis of Schmedding and Yakovlev (Fig. 6 in [6]) 
together with the values of and 0,4 for 4>^Y ^ ‘t’cz various parameters of 
the present model. 

The instantanton model, after integrating out gluons and performing the 
bosonization, reduces to a simple Nambu-Jona Lasinio type model where the 
quarks interact nonlocally with an external meson field U [9,10]: 

- , . 

* Talk given by M. Praszalowicz 
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Fig. 1. Left: Asymptotic and Cheruyak-Zhytiiitsky leading twi.st pion wave functions 
togetlier with a typical wave function from the present model. Right: The parameter 
space (o 2 ,a.i) of [6]. Black dots represent different model predictions, solid contour 
corresponds to 68% confidence level, whereas the dashed one to 95% 



and can be expanded in terms of the pion fields: 



= 1 + — 7V'^7T-^ 



2F2 



7T 7T + . . . 






Here = 93 MeV and M{k) = MF‘^{k) is a momentum dependent constituent 
quark ma.ss wliich also plays a role of the pion-quark coupling. Let us note that 
in the instanton model both quark and gluon condensation occur at the same 
scale He which is associated with the average imstanton size lfp = 600 MeV. 

In principle F(k) has been calculated in the instanton model in the Euclidean 
space time. Here, following Refs.[ll,12|, we will perform calculations directly in 
the Minkowski space. To this end we shall choose a simple pole formula |12] 

P> 

which for n ~ 2 — 3 and for k^ < 0 reproduces tlie k dependence obtained from 
the instantons reasonably well |12j (see Fig. 2a). Here M = M{i)) is a model 
parameter which we choose to be of the order of 350 MeV. 

As we shall see, tlie model is technically very simple and allows to calculate 
pion wave functions (not only the axial- vector, but also the pseudo-scalar (PS) 
and the pseudo-tensor (PT) ones) analytically up to a numerical solution of a 
certain algebraical equation of the order 4n -\ 1. Given this simplicity it is of 
importance to perform various tests in order to gain confidence in the model as 
well as to find its limitations. In this paper we provide 4 kinds of tests. 

Fiist we calculate the leading twist pion wave function and compare with the 
existing data. Next we calculate the non-leading twist wave functions, which are 
normaliztxl to the quark condensate. This allows us to calculate (qq). 
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Fig. 2. Left: F{k) for Euclidean momentum < 0, for n = 1 (dashed), 5 (dashed- 
dotted) and for the instanton model (solid). Right: Axial- vector pion wave function 
for M = 350 MeV and for n = I (dashed) and 5 (dashed-dotted) together with the 
asymptotic one (solid) 



It is important to note that in our approach we calculate not only the u 
dependence but also the dependence on the transverse momentum kj-'. 



4^7: ('^) 



dkrp (n, krp^ ^ 



4> t 7 (fey) 



dutpTriu, k'^). 



( 4 ) 



By calculating k'^ moments we get the mixed condensate of dimension 5. 

Another advantage of our method is that the analytical expression for the 
quark condensate is given in terms of a Minkowskian integral which in a limit of 
a constant M{k) and k“^ — > —k"^ reduces to the well known Euclidean form. By 
comparing the two expressions one can by inspection guess a continuation pre- 
scription which allows to rewrite certain Euclidean integrals as the Minkowskian 
ones. We use this in some respect ad hoc prescription to calculate the gluon 
condensate {a/irGG), which provides another test of our approach. 



2 Pion Wave Functions in the Nonlocal Quark Model 

We shall be dealing with the leading twist axial- vector (AV), twist 3 pseudo- 
scalar (PS) and pseudo-tensor (PT) wave functions defined as follows [13,14]: 

OO 

= . i., / — (0|?/;(n.r)^75?/j(-n.r) |7 t+(F)), (5) 

— OO 

OO 

= ~{nF) j (0|?/;(n.r)*75?/>(-n.r)|7r+(F)), 

— OO 
U OO 

4>^'^{u) = yiiwy^e^"(^“’^^)("'^V“P^(0|?/^(n,r)<Jo,775t^(-«-'r)|7r+(F)). 

0 — OO 
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where we have chosen n = (1,0,0, — 1) as a light-cone vector parallel to = tHu 
and n = (1,0,0, 1) parallel to P^. All three wave functions are normalized to 
1. The normalization condition for and yield therefore the expression 
for {qq ) , whereas normalization of is used to fix the model parameter A for 
given M and n. 

Technically speaking all three wave functions (6) are given in terms of a loop 
integral with a momentum dependent quark mass M{k), which also acts as a 
quark-pion coupling. In order to calculate the loop integral we have to find zeros 
of the propagators which are generically of the form 






T2 



_|_ jg 



+ = 0. 



( 6 ) 



Equation (6) can be conveniently rewritten as: 

^4n+l _ ^2 ^ 0 



( 7 ) 



where z = k'^ / Ap — 1 + and fj? = / JP . In the light cone parametrization 

(Pk = l/2dk^dk^ PkT where k>^ = k'^nP/2 + k^nP/2 + k!^. Since A;+ = uF^ 
is fixed, (6) should be understood as an equation for k^ . Generally, equation 
(7) has 4n, + 1 complex solutions which in the following will be denoted as Zj. 
These solutions depend on the specific value of fj? and have to be calculated 
numerically. 

Here one faces immediately the problem how to choose the integration con- 
tour in the complex k^ plane. The prescription is very simple and has been at 
length discussed in [12]. As a result the dk^ integrals yield real wave functions 
which vanish for u outside the region 0 < m < 1. Moreover for A — > oo, i.e. for 
a constant M{k), this prescription reduces in a continuous way to the standard 
one of Feynman. 

With this prescription the calculations are rather straightforward and we 
obtain: 






^z»z|» + (l-^)zf»zg 

(27t)2 A^F^ ■ f + 1 + wzj + (1 — w)zft ’ 



( 8 ) 



- (2^)2 m t + 1 + .z, + (1 - u)z, ’ 

3/V M/l2 



ipp {u,k^) = 



(2^) 

(where t = k\,l A?) . Factors j\ obey the following properties: 



4n-+l 



4n-+l 



0 for m < 4n. 



/i = n — ’ E ^r/i 

k = l 
k^i 



Zj — Zh 

k=l ^ ^ i=l 



1 for m = 4n 



( 11 ) 
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which are crucial for the convergence of the dt integrals. 

It is now straightforward to perform either the dt integration in order to get 
(pTj-, or the du integration to get the kx -dependent functions 



3 Properties of the Pion Wave Functions 



In order to study the model dependence on the choice of M and n we have 
calculated pion wave functions for M = 325 — 400 MeV and n = 1 — 5. The 
cutoff parameter A was adjusted by imposing the normalization condition on 
■ In fact, as discussed in [12], the leading twist pion wave function (u) 
does not change any more if we increase n above 5. On the other hand for n > 5 
the cutoff function (3), if continued to the Euclidean metric, starts to deviate 
significantly from the one obtained in the instanton model. Therefore we have 
chosen to work with n-max = 5. In Figs. 2b and 3 we have plotted ^nd 

for M = 350 MeV and n= 1,5. 




II u 

Fig. 3. Pseudo scalar (left panel) and pseudo-tensor (right panel) pion wave function 
for M = 350 MeV and for n = 1 (dashed) and 5 (dashed-dotted) together with the 
asymptotic one (solid) 



Let us shortly summarize our findings. The axial- vector wave function, ^ 

vanishes at the end points as m" (or (1 — m)") and shows a plateau around u = 0.5 
with a small dip for n = 5. It differs from the asymptotic wave function 
and, as seen from Fig. lb, the best agreement with the recent analysis of the 
CLEO data is obtained for M = 325 MeV and n = 2 — 5 or M = 350 MeV 
and n = 2. The fact that the true pion distribution amplitude may be broader 
than the asymptotic one has been already pointed out in [15]. Such a behavior 
was found then in [16] where not only the nonlocality (within the sum rules 
approach) but also the radiative corrections have been taken into account. 

The pseudo-scalar pion wave function, was calculated within the QCD 

sum rules in Refs. [13, 14]. It had a u— shape and did not vanish at the end points. 
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In our case vanishes at the end points for n- > 1. Indeed 



i k 



Sn Sn I 1 3n+l 3n , ^ 3n 3n+l 

V ^ 2^* ^ 2^® 



- ^^^44 



( 12 ) 

(and similarly for m = 0) which is equal to 0 due to the property (11) except 
for n, = 1 where 3n, + 1 = 4n,. Interestingly, the vanishing of for m = 0, 1 
is correlated with the nonconvexity of at the end points, which, as stated 
above, behaves like m" (or (1 — ri)") for m — > 0 (or 1). In any case differs 
from its asymptotic form = 1. 

Both pseudo-scalar and pseudo-tensor wave functions show stronger n de- 
pendence than ■ For n, = 1 coincides with the asymptotic expression 
(j)^4 = while for n, = 5 its is depleted at the end points and peaked in the 



center. 



4 Condensates 



Since the model parameters are fixed by the normalization of the axial-vector 
wave function we could use the normalization condition for <4^ ot to cal- 

culate the quark condensate. The results are presented in Table 1. We see that 
the quark condensates obtained from the two normalization conditions do not 
coincide. In fact, for almost all model parameters considered, we find 



y {qq) PS / PT — ( 1 ^) 



In absolute values the quark condensate calculated within our model overshoots 
the phenomenological value of —(250 MeV)®. This is mostly due to the rather 
poor convergence of the dk'^ integrals (4). Indeed for large k^: 



^ TT 



474+1 



2T4 



? 4>7T {^t) ^ 7X ? (^t) ^ To 



2n 



(14) 



This is also the reason of rather strong n dependence of <(>+and (f>T ■ 

The Euclidean formula for the gluon condensate in the instanton model of 
the QCD vacuum reads [9]: 



-GG) = 32 W 

7T 



d^kp M^ikp) 



(27t)4 k% 



-M^kp)' 



(15) 



Table 1. Condensates for M = 350 MeV 



n A 


4GG) 


(w) PS 


{qq) pj. 


{igqa- Gq)^^ 


1 1156 MeV 


(399 MeV)®‘ 


-(318 MeV)® 


-(357 MeV)® 


-(553 MeV)® 


5 2819 MeV 


(389 MeV)^ 


-(271 MeV)® 


-(301 MeV)® 


-(475 MeV)® 
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Apart from the numerical factor in front it differs from [qq) by an additional 
power of M{kE) in the numerator. In [12] we have suggested the continuation 
prescription of (15) to the Minkowski metric with the result 



(“gg 



\tt 



(27t)2 



du dt ^ fifk 



i.k 






t+l+ UZi + (1 - u)zk 



(16) 



Numerical result (Table 1) depends very weakly on n and is compatible with the 
phenomenological value [17]: (o/tt GG) = (393^35 MeV)^. 

Soft pi on theorems provide link between dynamical objects like the light cone 
wave functions [1,2, 3, 4] and static properties of the physical vacuum [5,18]. It 
has been shown in Refs. [5, 18] that moments of 4>T^[k?jdj are given in terms of the 
mixed quark-gluon condensates 



, 2 \ 5 {igqa-Gq) , ^ 1 {igqa -Gq) 



(17) 



Here is a gluon field strength and a ■ G = a^iyG^’', G^^ = A“/2 G“^. 

Unfortunately the ratio av / ^kp') p g 5/9 which follow from (17) is 

not reproduced within our approach^ due to the slow convergence of the dk'^ 
integration in the case of {k'p) p^. In order to estimate the value of the mixed 
condensate of dimension 5, {ig q a ■ G q) , we choose therefore the first equation of 
(17). Interestingly, for the parameters which are closest to the original instanton 
model, M = 350 MeV and n = 2, we get —(493 MeV)® in perfect agreement 
with the direct calculation of {ig q a ■ G q) in the instanton model [19] which gives 
-(490 MeV)®. 



5 Summary and Outlook 

The nonlocal NJL model with the momentum dependent constituent quark mass 
has been applied to calculate pion light cone wave functions [12]. It gives a satis- 
factory description of the leading twist AV wave function, whereas for the twist 
3 wave functions we find a somewhat larger sensitivity to the model parameters. 

Present prescription can be easily extended to describe kaon wave functions 
with an explicit symmetry breaking due to the non zero current strange quark 
mass. Also two meson generalized parton distributions both for pions and kaons 
can be easily calculated. By crossing symmetry one can also apply our method 
to calculate the skewed distributions and structure functions [22,23]. 

On the theoretical side one has to investigate more closely the PC AC rela- 
tion within the present approach. It is known that the properly defined currents 
should include additional terms with respect to those considered here [20,21]. Al- 
though these new terms are not unique and suppressed by the instanton packing 
fraction, their influence on our results should be investigated. 

^ It is of the order of 0.2 instead of 0.54 
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Abstract. We obtain correct expression for the entropy of spherically symmetric black 
holes in general T>-dimensional Gauss-Bonnet gravity from the asymptotic CFT near 
the horizon. 



1 Introduction 

Prom the early seventies it is known that to preserve the laws of thermodynamics 
when gravity is included one should add to the total entropy a term S\, which 
in Einstein gravity is given by Bekenstein-Hawking (BH) formula [1] 

where A is the total proper area of all event horizons (not just those connected 
to black holes, black strings and all types of black branes, but also cosmological 
horizons) . ^ 

Formula (1) has a number of puzzling properties. It gives enormous entropy 
(comparing to the entropy of the star which could colapse to the given black 
hole). Also, the entropy is not proportional to the bulk volume, which would be 
normally expected, but to the surface area. And last but not least, it suggests 
that black hole (a microscopic state in classical gravity) is in fact intrinsicaly 
a macroscopic state (a “termal” state with temperature measured from infinity 
given by Hawking formula Th = fiK/2n, where k is the surface gravity). Now one 
can ask what are the corresponding microscopic degrees of freedom. Obviously, 
the classical gravity alone could hardly provide satisfactory explanation because 
of the no-hair theorem (not to mention explicit dependence on h) . So, it appeares 
that one needs quantum theory to explain (1), and we mention here three most 
popular frameworks for explaining/deriving it: 

• Quantum fluctuations of matter fields near horizon [2]. Doing standard QFT 
calculation, but in classical black hole background, one obtains Abh oc A, 
but with formally divergent coefficient (“natural” Planck lenght cutoff gives 
correct order of magnitude). But, one also obtains Abh oc number of matter 
fields, which means that this explanation works only in some “induced gravity” 
theory. 

^ We are using units in which the speed of light and Boltzman’s constant are set to 
one, but keeping h and Newton’s constant G explicit. In this units Planck length is 
/p = (GhflF. 
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• Loop quantum gravity [3]. Gives (1), although there are some open questions 
about the coeflicient. 

• String theory [4]. Gives (1) for large class of extremal and near extremal black 
holes (SUSY is crucial). 

It should be emphasized that in loop gravity and string theory a calculation of 
the entropy is fully microscopic and it uses mathematical machinery which is 
apparently completely different in two frameworks, but with the same result. 
A natural explanation would be that BH entropy formula does not depend on 
detail how the gravity is quantized, but only on some (semi)classical properties. 
Indeed, this reasoning, combined with the results for (2+l)-dimensional black 
holes [5], inspired Garlip [6,7] to derive (1) from classical asymptotic diffeomor- 
phism symmetries near the horizon. The crucial property was that for some class 
of boundary conditions on the horizon (which is treated as a sort of boundary) 
the corresponding symmetry algebra contains Virasoro algebra with nonvanish- 
ing classical central charge. The number of microstates could be obtained using 
Gardy formula [8], and the logarithm gave BH formula (1). 

One way of testing the above idea is to see does it work for black holes in 
more general gravity theories. It was shown [9] that in general diffeomorphism 
invariant theories black hole entropy formula is not given by BH area law (1) but 
it contains additional terms. Here we concentrate on one class of such general- 
ized theories called Gauss-Bonnet (GB) gravity (also known as Lovelock gravity 
[10]). Using Solodukhin’s method (originally used for Einstein gravity in [11]) we 
obtain correct entropy formula for spherically symmetric black holes in general 
14-dimensional GB gravity from asymptotic GET near the horizon [12]. 



2 Gauss-Bonnet Gravity 



It is generally believed today that Einstein’s general relativity (i.e., teory of 
gravity described by Einstein action) is just low energy limit of some yet unknown 
more fundamental theory, where the most prominent candidate looks to be string 
theory. Such a view predicts that as we probe higher energies new interactions 
become important and one should add additional terms in effective action. If 
the general covariance is still satisfied new terms are constructed as products 
of Riemann tensor and its covariant derivatives. Also, as in string theory, it is 
possible that in the process new dimensions would open, so we are led to consider 
actions in 14 > 4 dimensions. 

It was realised long time ago [10] that among all the possible terms there is a 
class of them called extended Gauss-Bonnet (GB) terms with some very special 
properties. They are defined with Lagrangian^ 



('-D™ 



Ml ^1 • • 



Pl<7l 



...RUrr 



Pm-^n 



We use conventions from Weinberg’s book [13] except that our g = det(g^ 



( 2 ) 



2 
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where Rn^pa is Riemann tensor for metric and is totally antisymmet- 

ric product of k Kronecker deltas, normalized to take values 0 and ±1. By defi- 
nition, we take £q = 1 (cosmological constant term). Notice also that £i = — i?, 
i.e. ordinary Einstein action. General GB action (also known as Lovelock gravity 
[10]) is now given as 

[■D/2] „ 

Igb = - Craig) (3) 

m=0 d 

where g = Aetig^a) and [z] denotes integer part of z. Notice that coupling con- 
stant Ai is related to more familiar //-dimensional Newton gravitational constant 
G]j through Ai = (IOttG'/j)^^. 

This action has many interesting properties: 

• In //-dimensional space all terms for which m > D/2 are identically equal to 
zero. Term m = D/2 is a topological term (Euler character). So, only terms 
for which m < D/2 are contributing to equations of motion. It means that in 
// = 4 GB action is (neglecting topological effects) just the Einstein action. 

• Only GB terms have the property that resulting equations of motion contain 
no more than second derivative of metric [10]. They are also free of ghosts 
when expanded not only about flat space [14] but also about some Randall- 
Sundrum brane solutions in 5// [15]. 

• It has a good boundary value problem [16], in the sense that we can add surface 
terms such that the action can be extremized on space M while keeping only 
the metric fixed on the boundary dM (if non-GB terms are present in the 
action we have to also fix derivatives of components of the metric tensor on 
dM). 

• Analysis of spherically symmetric classical solutions in empty space is almost 
as simple as for pure Einstein case. But, unlike the Einstein case where there 
was unique solution (Schwarzschild), for general GB action there are black hole 
solutions having more complicated global topologies with multiple horizons 
and/or naked singularities [17]. 

• The entropy of GB black holes can be written (at least in stationary cases) 
as a sum of intrinsic curvature invariants integrated over a cross section of 
the horizon. As far as is known only GB actions have this property. Explicit 
expresion for the entropy of general stationary black hole in GB theory is [18] 



Sqb 



An 

h 



[D/2] 

mA, 

m= 1 



d^ ^Xyd^C m— 1 iffij ) 



( 4 ) 



where the integration can be made on any (// — 2)-dimensional spacelike slice 
of the Killing horizon and gij is the induced metric on it. Interesting property 
that the entropy has the same form as the action (3) can be described as 
dimensional continuation of the Gauss-Bonnet theorem. 

• The entropy of GB black holes is negative for some region of parameter space. 
It is speculated that this is connected with the existence of a new type insta- 
bility [19]. 




142 



Maro Cvitan, Silvio Pallua, and Predrag Prester 



• It can be supersymmetrised. 

• It is nonrenormalisable. 

This properties suggest that GB action could be considered as a natural gener- 
alisation of Einstein action. 

3 Effective CFT near the Horizon 

Now we turn our attention to particular microscopic derivation of “macroscopic” 
expression (4) for entropy of spherically symmetric black holes in general 14- 
dimensional GB gravity [12]. Following [11] we neglect matter and restrict ourself 
to spherically symmetric perturbations (S-wave sector), which means that the 
metric takes the form 



= 7a5(x)dx“dx^ + r(x)^dl?£)_2 (5) 

where dflo -2 is metric on (14 — 2)-dimensional sphere of unit radius, x = {x“, a = 
0, 1} = (1, r) are coordinates on “t— r plane” and is corresponding effective 

two-dimensional metric. Using (5) it is easy to show that Lagrangian (3) can 
be written in the form of an effective two-dimensional “higher-order Liouville 
theory” given with 

on /• 

&B = Cb- 2 E ‘ [1 - (v,y]“-= 

m=0 ^ ' ' 

X |2m(m — l)r^ [(VaV^r)^ — (V^r)^] 

+2m(14 — 2m)rV^r [l — (Vr)^] + niTZr^ [l — (Vr)^] 

-(14-2m)(14-2m-l)[l-(Vr)2]^| (6) 

where TZ is two-dimensional Ricci scalar. 

We now suppose that black hole with horizon is existing and we are interested 
in fluctuations (or better quantum states) near it. In the spherical geometry 
apparent horizon T-L (a line in x-plane) can be defined by the condition 

(Vr)2|^= 7“'’d„rd5r|^ = 0. (7) 

Notice that (7) is invariant under (regular) conformal rescalings of the effective 
two-dimensional metric ^ab- Near the horizon (7) is approximately satisfied. 

After partial integration and implementation of horizon condition (Vr)^ « 0, 
action (6) becomes near the horizon approximately 



[D/2] 

IgB = —^D-2 



m=0 



(^-2)! 

{D -2m-2)\ 



X < m(Vr) 



{D — 2ra){D — 2m — 1) 



mx \/ —7 r 



IZm -\- 1 



.D—2m—2 



( 8 ) 
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If we make reparametrizations 



where 



, 2(P _ d4> 



( f) _ 2V 

< I>2 = 2{2d-2 Yj 



m=l 



' {D — 2m)! 



the action (8) becomes 

Igb = - [ 






(9) 



( 10 ) 



( 11 ) 



which is simmilar to the Liouville action. The difference is that potential U {(f>) 
is not purely exponential but its exact form will turn out to be irrelevant for our 
purpose. 

Action (11) is of the same form as that obtained from pure Einstein action. 
In [11] it was shown that if one imposes condition that the metric jab is non- 
dynamical then the action (11) describes GET near the horizon;^. We therefore 
fix Jab near the horizon and take it to be metric of static spherically symmetric 
black hole: 

ds%-. = jabdx^dx^ = -f{w)dt^ + —— (12) 

^ /(w) 

where near the horizon fiwh) = 0 we have 

f {w) = “^{w - wu) + O {(jv - Whf) (13) 

We now make coordinate reparametrization w ^ z 

J fM 2 /o ^ ^ ^ ^ 

in which 2-dim metric has a simple form 

ds'^2) = fi^) (15) 

and the function / behaves near the horizon {zh = — oo) as 

f{z) « foe^^/d ( 16 ) 



i.e., it exponentially vanishes. It is easy to show that equation of motion for 4> 
which follows from (11,15,16) is 

{-dl + dl) 4> = \qd>bTif + fU'{4>) O (17) 

® Carlip showed that above condition is indeed consistent boundary condition [20]. 
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and that the “flat” trace of the energy-momentum tensor is 

- Too + = \qTh (-52 + dl) 4> - fU{<P) « O (18) 

which is exponentially vanishing near the horizon. Prom (17) and (18) follows 
that the theory of the scalar held <f> exponentially approaches CFT near the 
horizon. 

Now, one can construct corresponding Virasoro algebra using standard pro- 
cedure. Using light-cone coordinates = t ± z right- moving component of 
energy-momentum tensor near the horizon is approximately 

T++ = {d+4>f - (19) 

It is important to notice that horizon condition (7) implies that r and <f> are 
(approximately) functions only of one light-cone coordinate (we take it to be 
x^), which means that only one set of modes (left or right) is contributing. 
Virasoro generators are coefficients in the Fourier expansion of T++: 

f 

T„ = — / dz (20) 

J-i/2 

where we compactifled z-coordinate on a circle of circumference £. Using canon- 
ical commutation relations it is easy to show that Poisson brackets of T„’s are 
given with 



n ? d 



x}pB = {n- m)Tn+rn + ^q'^Tl 



— y 

2rfil 



n-\-m,0 



( 21 ) 



To obtain the algebra in quantum theory (at least in semiclassical approxima- 
tion) one replaces Poisson brackets with commutators using [, ] = ih{ ,}pb, and 
divide generators by H. From (21) it follows that “shifted” generators 

= T + (22) 

where 

(23) 

satisfy Virasoro algebra 

[Lnj -^m] ^ {P 'Bl)Lri,prn T (U' U.) (24) 

with central charge c given in (23). 

Outstanding (and unique, as far as is known) property of the Virasoro algebra 
is that in its representations a logarithm of the number of states (i.e., entropy) 
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with the eigenvalue of Lq equal to A is asymptoticaly given with Cardy formula 

[ 8 ] 

Sc = 2.yQ-4a,)(a-|j) (25) 

where A is the eigenvalue of Virasoro generator Lq for the state we calculate the 
entropy and Ag is the smallest eigenvalue. If we assume that in our case Ag = 0 
in semiclassical approximation (more precisely Ag <C c/24), one can see that 
number of microstates (purely quantum quantity) is in leading approximation 
completely determined by (semi)classical values of c and Lq. Now it only remains 
to determine Z\. In a classical black hole solution we have 

r = w = Wh + {w -Wh) TV Th + (26) 

so from (9) and (10) follows that near the horizon <f> » Using this configura- 
tion in (20) one obtains 'To = 0, which plugged in (22) gives 



Finally, using (23) and (27) in Cardy formula (25) one obtains 



c £ 7r 2 ^ '^h 
12 ^ ^ 4 ^ 



(28) 



Let us now compare (28) with classical formula (4). For spherically symmetric 
metric (5) where horizon is a (14 — 2)-dimensional sphere with radius one can 
show that (4) can be written as 



S', 



GB 






[D/2] 

^ mX„ 



m=l 



(^-2)! 
{D — 2m)! 



^D—‘2m 



<p'i 

27T-^ 

h 



(29) 



Using this our expression (28) can be written as 

£ 

‘8'c=y^S'GB (30) 

so it gives correct result apart from dimensionless coeficient, which can be de- 
termined in the same way as in pure Einstein case [20]. First, it is natural to set 
the compactification period £ equal to period of Euclidean-rotated black hole, 
i.e., 

£=2ttI3 (31) 

The relation between eigenvalue A of Lo and c then becomes 



Zi 



c 

12 



(32) 



One could be tempted to expect this to be valid for larger class of black holes 
and interactions then those treated so far. 
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To determine q, one may consider A„ = 0, m > 2 case and compare expres- 
sion for central charge (23) with that obtained in [7], which is 



2nhG]j 



(33) 



where Ah = ^ is the area of horizon. One obtains that 



q 



2 



4 

7T 



(34) 



One could also perform boundary analysis of Ref. [7] for GB gravity [21]. This 
procedure confirms relation (34). 

Using (31) and (34) one finally obtains desired result 



Sc = 5'gb 



(35) 
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Abstract. After a short review of electroweak scale baryogenesis, we consider the 
dynamics of chiral fermions coupled to a complex scalar field through the standard 
Yukawa interaction term at a strongly first order electroweak phase transition. By 
performing a systematic gradient expansion we can use this simple model to study 
electroweak scale baryogenesis. We show that the dominant sources for electroweak 
baryogenesis appear at linear order in the Planck constant h. We provide explicit 
expressions for the sources both in the flow term and in the collision term of the 
relevant kinetic Boltzmann equation. Finally, we indicate how the kinetic equation 
sources appear in the fluid transport equations used for baryogenesis calculations. 



1 Introduction 

The necessary requirements on dynamical baryogenesis at an epoch of the early 
Universe are provided by the following Sakharov conditions: 

• baryon number (B) violation 

• charge (C) and charge-parity (CP) violation 

• departure from thermal and kinetic equilibrium 

The Sakharov conditions may be realised at the electroweak transition [1], pro- 
vided the transition is strongly first order. Namely, C and CP violation are re- 
alised in the standard model (SM) for example through the Cabibbo-Kobayashi- 
Maskawa (CKM) matrix of quarks. B violation is mediated through the Adler- 
Bell-Jackiw (ABJ) anomaly. At high temperatures the ABJ anomaly is mani- 
fest via the unsuppressed sphaleron transitions, and may be responsible for the 
observed baryon asymmetry today, which is usually expressed as the baryon-to- 
entropy ratio: 

- = 3-7x10^1^ (1) 

s 

This is obtained both as a nucleosynthesis constraint and from recent cosmic 
microwave background observations. 

The standard model (SM) of elementary particles and interactions cannot 
alone be responsible for the observed matter-antimatter asymmetry (1), primar- 
ily because the LEP bound on the Higgs mass niH ^112 GeV is inconsistent 
with the requirement that the transition be strongly first order. A strongly first 
order transition is namely required in order for the baryons produced in the 
symmetric phase not be washed-out by the sphaleron transitions in the Higgs 
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(‘broken’) phase. And this is so provided the transition is strong enough. This 
is usually expressed as the requirement A(j) A l.PJ' on the jump in the Higgs 
expectation value <f> of the phase transition [2] . 

Supers}unmetric extensions of the Standard Model on the other hand may 
result in a strongly first order transition. For example, in the Minimal super- 
symmetric standard model the sphaleron bound can be satisfied provided the 
stop and the lightest Higgs particles are not too heavy, 120 GeV and 

mn < 120 GeV [3]. 

An efficient mechanism for baryon production at the electroweak phase tran- 
sition is the charge transport mechanism [4], which works as follows. At a first 
order transition, when the Universe supercools, the bubbles of the Higgs phase 
nucleate and grow. In presence of a GP-violating condensate at the bubble in- 
terface, as a consequence of collisions of chiral fermions with scalar particles in 
presence of a scalar field condensate, GP-violating currents are created and trans- 
ported into the symmetric phase, where they bias baryon number production. 
The baryons thus produced are transported back into the Higgs phase where 
they are frozen-in. The main unsolved problem of electroweak baryogenesis is 
systematic computation of the relevant GP-violating currents generated at the 
bubble interface. Here we shall reformulate this problem in terms of calculating 
GP-violating sources in the kinetic Boltzmann equations for fermions. 

The techniques we report here are relevant for calculation of sources in the 
limit of thick phase boundaries and a weak coupling to the Higgs condensate. 
In this case one can show that, to linear order in the Planck constant h, the 
quasiparticle picture for fermions survives [5,6]. In presence of a GP-violating 
condensate there are two types of sources: the semiclassical force in the flow 
term of the kinetic Boltzmann equation, and the collisional sources. The semi- 
classical force was originally introduced for baryogenesis in two-Higgs doublet 
models in [7], and subsequently adapted to the chargino baryogenesis in the Min- 
imal Supersymmetric Standard Model (MSSM) in [8]. The semiclassical force 
corresponds to tree level interactions with the condensate shown in Fig. 1 and 
it is universal in that its form is independent on interactions. The collisional 
sources on the other hand arise when fermions in the loop diagrams interact 
with scalar condensates. In Fig. 2 we show typical GP-violating one-loop contri- 
butions to the collisional source. This source arises from one-loop diagrams in 
which fermions interact with a GP-violating scalar condensate. When viewed in 
the kinetic Boltzmann equation, these processes correspond to tree-level inter- 



tree 




+ .. 



Fig. 1. The tree level interactions of fermions with the scalar field condensate which, 
when expanded in gradients, lead to the CP-violating semiclassical force in the kinetic 
Boltzmann equation. 
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Fig. 2. The one-loop fermion-scalar diagrams, where interactions of fermions with the 
scalar field condensate are explicitly shown. The condensate interactions, when ex- 
panded in gradients, result in a CP-violating collisional source in the kinetic Boltzmann 
equation. Upon projecting (or ‘cutting’) the loop propagators on-shell one obtains the 
CP-violating scalar particle absorption and emission processes. 



actions in which fermions absorb or emit scalar particles, whilst interacting in 
a CP-violating manner with the scalar condensate. The precise form of the col- 
lisional source depends on the form of the interaction. In the following sections 
we discuss how one can study the CP-violating collisional sources induced by a 
typical Yukawa interaction term. 

2 Kinetic Equations 

Here we work in the simple model of chiral fermions coupled to a complex scalar 
field via the Yukawa interaction with the Lagrangian of the form [5,6] 

C = + Cyu, (2) 

where £yu denotes the Yukawa interaction term 

-Cyu = -y<HLi^R - y4>*i’R'>pL, (3) 

and m is a complex, spatially varying mass term 

m{u) = y'<Po = mR{u) + iniiiu) = |m(M)|e®®’'“\ (4) 

Such a mass term arises naturally from an interaction with a scalar field con- 
densate ^0 = (^(w)). This situation is realised for example by the Higgs field 
condensate of a first order electroweak phase transition in supersymmetric mod- 
els. When (f> in (3) is the Higgs field the coupling constants y and y' coincide. 
Our considerations are however not limited to this case. 

The dynamics of quantum fields can be studied by considering the equations 
of motion arising from the two-particle irreducible (2PI) effective action [9] in 
the Schwinger-Keldysh closed-time-path formalism [10,11]. This formalism is 
suitable for studying the dynamics of the non-equilibrium fermionic and bosonic 
two-point functions 



iSap{u,v) = (l?]Tc[V’a(M)V’/3(^^)]|l2) 
iA{u,v) = {{}\Tc[(l>{u)(p\v)]\{2), 



(5) 

( 6 ) 
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where \Q) is the physical state, and the time ordering Tc is along the Schwinger 
contour shown in Fig. 3. For our purposes it suffices to consider the limit when 
to — t — 00 . The complex path time ordering can be conveniently represented in 
the Keldysh component formalism. For example, for nonequilibrium dynamics 
of quantum fields the following Wightman propagator is relevant 

iS<{u,v) = -{Q[i:{vyil:{u)\Q). (7) 

to 

♦- 

t 

Fig. 3. The complex time contour for the Schwinger-Keldysh nonequilibrium formal- 
ism. 

For thick walls, that is for the plasma excitations whose de Broglie wavelength 
t'dB is small in comparison to the phase interface thickness Lyj, it is suitable to 
work in the Wigner representation for the propagators, which corresponds to the 
Fourier transform with respect to the relative coordinate r = u — v, and expand 
in the gradients of average coordinate x = (m + n)/2. This then represents an 
expansion in powers of idB,l Lyj. When written in this Wigner representation, the 
kinetic equations for fermions become [12] 

VS<= + =C^, (8) 

where for simplicity we neglected the contributions from self-energy corrections 
to the mass and the collisional broadening term [12]. When the collision term 
Cy is approximated at one loop, equation (8) corresponds to the nonequilibrium 
fermionic Schwinger-Dyson equation shown in Fig. 4. Since the scalar equation 
(also shown in Fig. 4) does not yield CP-violating sources at first order in gra- 
dients [5,14], we shall not discuss it here. 



s ^ So 



+ 




A _ Ao 



+ 




Fig. 4. The one-loop Schwinger-Dyson equations for the out-of-equilibrium fermionic 
(S') and scalar (zi) propagators. When projected on-shell and expanded in gradients, 
these equations reduce to the kinetic Boltzmann equations. 
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As the bubbles grow large, they tend to become more and more planar. 
Hence, it suffices to consider the limit of a planar phase interface, in which the 
mass condensate in the wall frame becomes a function of one coordinate only, 
m = m{z). Further, we keep only the terms that contribute at order h to (8), 
which implies that we need to keep second order gradients of the mass term 

= m -m'dk^ m''d'l +o(d^), (9) 

2^8 ^ 

where m = m{z), m' = d^m and m" = On the other hand, in the collision 
term Cy we need to consider terms only up to linear order in derivatives 

Cy = Cy 0 + Cy 1 + . . 

Cyi = - S<S>y (10) 

where and represent the fermionic self-energies, and the derivatives di^\ 
{d^\ d^'^) act on the first (second) factor in the parentheses. 

An important observation is that, when G = t — x\\ • fc|| , z), the spin in 

the z-direction (of the interface motion) 

S', = L-\A)S,L{A) = 7 || (S, - *(u|| x a),) (11) 



is conserved 

[V,S,]S< = 0, (12) 

where T> is the differential operator in (8), ex = S', = and y|| = 

1/(1 —u|)^/^. This then implies that, without a loss of generality, the fermionic 
Wigner function can be written in the following block-diagonal form 

S'< =^S'< 

s=± 

S'< = L(yl)-^^<L(yl) 

-fy°^< = ^(l + SCr®) (^3^ 

where <j^ and {i = 1,2, 3) are the Pauli matrices and = 1 is the 2x2 unity 
matrix and L{A) is the following Lorentz boost operator 



L{A) 



ko + ko,- y°7 • fc|| 



2ko{ko 



(14) 



with ko = sign(A;o)(A:/ — fejj)^/^. The boost A corresponds to a Lorentz transfor- 
mation that transforms away feii. 
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With the decomposition (13) the trace of the antihermitean part of (8) can 
be written as the following algebraic constraint equation [6] 



- |m|^ + goo = 0, 



(15) 



where g^o = 7||ffo*' denotes the particle density on phase space Equa- 

tion (15) has a spectral solution 



9oo = ^ S{ko T 



where denotes the dispersion relation 






2ujo>xo ’ 



UJo 



Wo 



UJo — fcif 



(16) 



(17) 



and Zs± = l'^s\rnY9' /2uJo- The delta functions in (16) project ns{kn, '^|| j 
on-shell, thus yielding the distribution functions and /g_ for particles and 
antiparticles with spin s, respectively, defined by 



/s+ = n-s(ws+,A:^,t - x\\ • fe||,z) 

/s- = 1 - ns{-iXs-, -k,^,t + ■k\\,z). (18) 

This on-shell projection proves the implicit assumption underlying the semi- 
classical WKB-methods, that the plasma can be described as a collection of 
single-particle excitations with a nontrivial space-dependent dispersion relation. 
In fact, the decomposition (13), (15) and the subsequent discussion imply that 
the physical states that correspond to the quasiparticle plasma excitations are 
the eigenstates of the spin operator (11). 

Taking the trace of the Hermitean part of (8), integrating over the positive 
and negative frequencies and taking account of (16) and (18), one obtains the 
following on-shell kinetic equations [6] 



dtfs±+v\\ - V\\fs±+Vs±d^fs± + Fs±dkjs± =Cys±[/s±], (19) 

where fs± = fs±{kn,z, t — • a;||), Cs±[fs±] is the collision term obtained 

by integrating (10) over the positive and negative frequencies, respectively, the 
quasiparticle group velocity Vg± = kz!oJs± is expressed in terms of the kinetic 
momentum k^ and the quasiparticle energy (17), and the semiclassical force 



|mp ' ^ s(\m\'^0 ') ' 
2wqWq 



( 20 ) 



In the stationary limit in the wall frame the distribution function simplifies to 
fsP = fs± {kfj,, z, ). When compared with the 1-|-1 dimensional case studied in [5] 
the sole, but significant, difference in the force (20) is that the CP-violating 0'- 
term is enhanced by the boost-factor yp = wq/wq, wq = i^o ~ which, 

when integrated over the momenta, leads to an enhancement by about a factor 
two in the CP-violating source from the semiclassical force. 
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3 Sources for Baryogenesis in the Fluid Equations 



Fluid transport equations are usually obtained by taking first two moments of 
the Boltzmann transport equation (19). That is, integrating (19) over the spa- 
tial momenta results in the continuity equation for the vector current, while 
multiplying by the velocity and integrating over the momenta yields the Euler 
equation. The physical content of these equations can be summarized as the 
particle number and fluid momentum density conservation laws for fluids, re- 
spectively. This procedure is necessarily approximate simply because the fluid 
equations describe only very roughly the rich momentum dependence described 
by the distribution functions of the Boltzmann equation (20). The fluid equa- 
tions can be easily reduced to the diffusion equation which has so far being 
used almost exclusively for electroweak baryogenesis calculations at a first or- 
der electroweak phase transition. A useful intermediate step in derivation of the 
fluid equations is rewriting (19) for the CP-violating departure from equilibrium 
Sfsi = Sfsi+ - Sfsi- as follows 

(dt + —d^ - Sfsi +VyjSFsi{dojfoj)ojoi 

\ u;oi I 






dujfu. 






OJ / COoi 

where i is the species (flavour) index, = l/(e^‘‘ 

I l2^ 

i'Oi 
Suj^i 



--C., 



Ipsi 7 



( 21 ) 



1), and 



2uioi 



12/1/V 



A P . = A' . — A' . 









-c, 



ipsi — ' 



( 22 ) 

When integrating (21) over the momenta, the flow term yields two sources in 
the continuity equation for the vector current. The former comes from the CP- 
violating spin dependent semiclassical force, and has the form 

^ AP rA) f ^ 

si \ ^co I to )co=cooi 



SY = ' 



(27t)® 
47^2 






(23) 



with Xi = |mj|/T, while the latter comes from the CP-violating shift in the 
quasiparticle energy, and can be written as 

f dYk 



St 



(2^)3 



-{dlLY 



|2/3A 



27t2'J' 






(24) 
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The total source is simply the sum of the two, Sgi = <S“j + . To get a more 

quantitative understanding of these sources, in Fig. 5 we plot the integrals J7a 
and J7b in equations (23) and (24). A closer inspection of the sources <S“j and 
indicates that the total source Sgi can be also rewritten as the sum of two 
sources: the source oc characterized by x'jj^ + xfJi,, and the source 

(X characterized by xjJa- We note that in the spin state quasiparticle 

basis the flow term sources appear in the continuity equation for the vector 
current, while in the helicity basis, which is usually used in literature [7,8], the 
flow term sources appear in the Euler equation. In Fig. 6 we show recent results 
of baryogenesis calculations of [8] based on the CP- violating contribution to 
the semiclassical force in the chargino sector of the Minimal Supersymmetric 
Standard Model (MSSM). This calculation is based on the quasiparticle picture 
based on helicity states. The analysis suggests that one can dynamically obtain 




Fig. 5. The flow term sources (23)-(24) characterised by the integrals xlJaixi) {red 
solid) and xfjh{xi) {green dashed) as a function of the rescaled mass Xi = \m,i\/T. The 
sum of the two sources {thin blue line) is also shown. 





Fig. 6. The semiclassical force baryogenesis mediated by charginos of the MSSM cal- 
culated in the helicity basis. The figures show contours for the baryon-to-entropy ratio 
in the units of 10“^^ for two wall velocities = 0.01 and = 0.03 as a function of 
the soft susy breaking parameters ji, and m, 2 . A maximal CP violation in the chargino 
sector is assumed. The shaded (yellow) regions are ruled out by the LEP measurements. 
The observed baryon asymmetry is in these units 3 — 7. (The figure is taken from the 
latter reference in [8].) 
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baryon production marginally consistent with the observed value (1), provided 
m 2 ^ fjL ^ 150 GeV and Vyj 0.03c. 

We now turn to discussion of the collision term sources in (19) and (21). We 
assume that the self-energies are approximated by the one- loop expressions 

(c/. Fig. 4) 

[{2Tr)'^S{k - k' -\- k")PLS<’>{k',x)PRA>’<{k",x) 
+{2TrfS{k -k' - k")PRS<’>{k', x)PLA<’>{k", x)] , (25) 



where Zi*' and A^ denote the bosonic Wigner functions. This expression con- 
tains both the CP-violating sources and relaxation towards equilibrium. The 
CP-violating sources can be evaluated by approximating the Wigner functions 
and A^’^ by the equilibrium expressions accurate to first order in deriva- 
tives. The result of the investigation is as follows. There is no source contributing 
to the continuity equation, while the source arising in the Euler equation is of 
the form [12] 



f d^k k^ /I I ^ 



2 s\m\^9' 



(26) 



where the function I/(|m|,m,^) is plotted in Fig. 7. It is encouraging that the 
source vanishes for small values of the mass parameters, which suggests that the 
expansion in gradients we used here may yield the dominant sources. Note that 
the source is nonvanishing only in the kinematically allowed region, > 2\m\. 
When the masses are large, |m|,m,^ '1', the source is as expected Boltzmann 

suppressed. It would be of interest to make a detailed comparison between the 
sources in the flow term and those in the collision term. This is a subject of an 
upcoming publication. 




0 0.5 1 1.5 2 2.5 3 3.5 4 

Iml 

Fig. 7. The collisional source contributing to the fermionic kinetic equation at one 
loop for the mass ratios m^/\m\ = 2.f, 2.5, 3, 4, fO and 20, respectively. The source 
peaks for |m| ~ 0.7T and ~ 4|m|. 
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Abstract. The one-loop quantum corrections for BTZ black hole are considered using 
the dimensionally reduced 2D model, in 3D minimal case Unruh vacuum states is 
defined and the corresponding semiclassical corrections of the geometry are found. 

For a long time it was believed that black hole solutions do not exist in three 
dimensions, and therefore the discovery of Banados, Teitelboim and Zanelli [1] 
came as a surprise. This solution has many properties which the familiar black 
hole solutions in four dimensions (4D) do not possess. BTZ black hole can be 
obtained by identifications of points in 3D anti-de Sitter (AdS) space [2], the 
space of constant negative curvature. BTZ black hole is locally anti-de Sitter 
space, and therefore its singularity is not a curvature singularity. 

One of the most interesting questions in the analysis of black holes is the 
Hawking radiation. A considerable work has been done in the last couple of years 
in an effort to find 2D effective models which can describe the properties of 4D 
black holes and radiated field. The main idea of this approach is to consider the 
effective action obtained by functional integration of scalar field as semiclassical 
correction to the gravitational action. There are a couple of different variants of 
2D effective action but usually it describes the effects of s-modes of scalar field 
to the one-loop order. A similar analysis has been recently extended [3] to the 
reduction of BTZ black hole from three to two dimensions in the case of minimal 
3D coupling with scalar matter. 

Our goal is to define the Unruh vacuum by means of dimensionally reduced 
model. The definition of the Unruh vacuum seems still to be an open question 
for BTZ black hole. 

We start with the three dimensional gravitational action with negative cos- 
mological constant (— 2t1 = —21^“^ < 0) coupled to the scalar field /: 

+ 1 ) - ( 1 , 

We consider the BTZ black hole solution which is locally AdS^ space: 

= -IM\ + Jldtde + r^d.e^ + -IM + d.r\ (2) 

If we construct the metric reduced from (2) to two-dimensional t, r hypersurface 
by the standard procedure , we obtain 

ds^ = —Qcidt^ H — , (3) 

9cl 

Josip Trampetic and Julius Wess (Eds.): LNP 616, pp. 157—160, 2003. 

(c) Springer- Verlag Berlin Heidelberg 2003 




158 Maja Buric, Marija Dimitrijevic, and Voja Radovanovic 



where the metric function gd{r) is given by 



ffcl 



p 



-IM + 



PP 

^^2 



;i2]2 



( 4 ) 



As showed in [2], quantities M and J have the meaning of mass and angular 
momentum. The last equality holds when Ml > J; the case Ml = J is the 
extremal BTZ black hole. Let us assume the axially symmetric metric ansatz in 
three dimensions: 



= Quiydx^dx'' + P<P‘^{ad9 + A^dx^)'^ , (5) 

where gn^,<P,An are two-dimensional metric, dilaton and U(l) gauge field. All 
quantities do not depend on 9. The constant a will be fixed later. 

Introducing the reduction formula (5) into the action (1) and integrating over 
the angular variable 9, we obtain 2D action 

^ S + I - ’ (6) 

In the following, we will choose a such that = 1 • Also, instead of the dilaton 
field <P, we will use its logarithm = log <P. 

In order to analyze the vacuum fluctuations of the scalar field /, one has to 
integrate it functionally to the first order in H. Our approximation consists of the 
fact that we do the functional integration of / in 2D action and not in the full 
3D action. We use the methods developed in [4,5]. The result which we obtained 
for the one-loop effective action is 

= -i/ + \rP) m 

It is easier to use the local form of the action (6); it can be obtained by a suitable 
introduction of auxiliary fields [6]. The local form is given by 

A = J d^x^g (^2it'(V>-^x)+(VV>)2-3(VV>)(Vx)-3(V^)2v-6it'^j , 

( 8 ) 

where the auxiliary fields p and y satisfy equations 

V^P = R, (9) 

V\={Vcpf. (10) 

The equations of motion are 

= 0 , ( 11 ) 

2 3/2 

R+p- {-R + V^ipV^^r)) , 



( 12 ) 




Quantum Corrections for BTZ Black Hole via 2D Reduced Model 



159 



= Fa/}/ 2 

= ( 13 ) 

- 3QV„^V^^ - 2V^V„(Q - 3^ - ^x) 

- ((VQ)^ -3VQVx-3Q(V^)^) +2gr„^V^(Q -3^- ^x)), 

where k = I/OGtt. Tq,/? is the energy-momentum tensor of the radiated matter. 

The Unruh vacuum can be defined as the state of matter whose energy- 
momentum tensor is regular on the future event horizon. From this demand we 
find expression for '1'^,,. 

Now we will find the corrected geometry. The one-loop ansatz for the metric 
is 

ds^ = -ge^'^^d.v^ + 2eF'^d,vd,r , (14) 

where g = gd — Kim. Solving the equations of motion we obtain the one-loop 
correction for the metric: 



m 



r'i — F 



F — (— 3r*^ + 8r^r^ — 3(r(|_ + r'i_)F + r(|_r^) 



4r^— 6(r^+r^) r_ r + r_ 

(V + “-^‘“*7^7: 



+ 3(r(j_ + — r((_r^ 

rh^ 



log 



(r - 



_)2(j,2 

r^/2 



(15) 



r_ 

r+ 



log 



r + r_ 



/(3r_ — r^)(r^ + r_) /(r_ — r^)(r^ + 3r_) 2/(3r^ + r^) 



(r + r_)(r_ — r^) r^(r — r_)(r_ + r^) (r + r^)(r^ — r_) 



8/r_ 



-l^fiogN 

r V 



(r 



j_ +r^ 

2/.^2 ^2 



log 



r + r_ 



+ 2r I r_ log 



(r + r+)" 



(16) 



r‘^1‘2 



- — log - — — 
r, r — r_ 



I j,2 _ j , 2 ^ 

4 3u — 

r tr I r 



The value for the apparent horizon in this case is 

tah = r+ + (^+(3^ + ^-) log (17) 

— r_(r^ — 5r(|_) log ^ ~ — r^(r(j_ + 3r^) — ^ (^+ ~ • 

In this paper we treated the one-loop corrections of dimensionally reduced 
BTZ black hole. The main result is the analysis of the Unruh vacuum for reduced 
BTZ model. This state is defined demanding that EMT is regular on the future 
horizon. It has peculiar properties. 
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We would like to mention that the one-loop geometry for conformal case is 
found in [7] and it is in a relatively good agreement with Neumann boundary 
conditions for the scalar field. 

Note that the energy density in the asymptotic region does not obey Stefan- 
Boltzman law. This is not surprising if we keep in mind that the Hawking radi- 
ation is not a free boson gas in this region. The one-loop correction of entropy 
are logarithmic as it is often the case. 
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Abstract. In this paper the studies about squarks and gluino searches with the CMS 
detector are reviewed. Inclusive squarks and gluino searches are described and the 
5 sigma discovery contours are shown. The scalar bottom quark {sbottom or b) and 
gluino [g) reconstructions using the process g ^ bb are discussed and the resolutions 
on sbottom and gluino masses are presented. The scalar top quark {stop or t) search 
is also described and it is shown how the stop signal can be separated from the tt 
background and the background due to the overall supersymmetric production. 



1 Introduction 

One of the main goals of the experiments at the Large Hadron Collider (LHC) 
[1] will be to find out new physics beyond the Standard Model. The Super- 
symmetry (SUSY) [2] and in particular the Minimal Supersymmetric Standard 
Model (MSSM) are possible extensions of this theory. Thanks to the centre of 
mass energy of 14 TeV which will be available at the LHC, it will be possible to 
extend the searches of the particles predicted by SUSY up to masses of 2.5 TeV. 

The paper is dedicated to the searches with the CMS detector [3] of the new 
strongly interacting SUSY particles, the squarks and the gluino. The first part 
of the paper provides some general remarks about the MSSM-mSUGRA model 
which is assumed in the analyses. The inclusive squarks and gluino searches are 
described and for each of them the reach of the CMS experiment is provided. 
The reconstruction of the decay g ^ bb and the stop search are also discussed 
and some preliminary results are shown. 

2 General Remarks 

These studies are performed in the framework of the Minimal Supergravity 
(mSUGRA) model, a constrained version of the MSSM model. In this model 
Supersymmetry breaking occurs through the mediation of the universal gravita- 
tional interaction. At the Grand Unification (GUT) scale {niQUT ^ 2- 10 ^® GeV) 
gauginos and scalars have common masses and couplings. Masses and couplings 
at the Electroweak scale are derived from those at GUT scale through Renor- 
malisation Group Equations. The independent parameters of the model are: the 
common scalar mass mo, the common gaugino mass mi/ 2 , the common trilinear 
coupling among the scalars Ao, the ratio between the vacuum expectation values 
of the two Higgs doublets tan (3 and the sign of the higgsino mixing parameter g. 
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Fig. 1. Total mSUGRA cross-section contours as function of toq and TOi /2 for Aq = 0, 
> 0 and tan/J = 2 (left figure) and tan/J = 35 (right figure) [5] 



An additional requirement is the R-parity conservation: as a consequence of 
this assumption, the SUSY particles can only be produced in even numbers at 
accelerator experiments. Moreover, the lightest SUSY particle (LSP) should be 
stable and each SUSY particle would decay into Standard Model particles and 
one LSP. The LSP in this model is the lightest neutralino Xi- 

Contours corresponding to constant cross sections obtained with ISAJET 
7.32 [4] are shown in Fig. 1 for Mo = 0, p, > 0, different values of mo and 
m-i /2 £^iid tan/3 = 2 (left plot) and tan/3 = 35 (right plot) [5]. The < 0 case 
is very similar and it is omitted. The overall SUSY production cross section 
(continuous line) is compared with the total cross section for processes with at 
least one strongly interacting SUSY particle (dashed line). At low values of niQ 
and m-i /2 the two lines are very close since squarks and gluino are relatively light 
and dominate the SUSY particles production. Contours separate at higher mo 
and mi /2 as squarks and sleptons become more massive. 

3 Inclusive Searches 

The inclusive searches are based on peculiar features which are common to all 
the SUSY processes involving squarks and gluino. A very high tagging efficiency 
can be achieved since the identification of the specific processes is not required. 
The most remarkable features of squarks and gluino decays are: 

• a large number of leptons produced by -X TU^ — ^ ii/, xi — f , 

£ — ^ £xi decays 
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• high Ex hadron jets from squarks and gluino decays {q — ^ (/x°, q — ^ q'xt^ 
9 -t qq) 

• large missing transverse momentum due to LSPs which do not interact with 
the detector 

• a large number of b quarks (from decays of t, b, h, t) and t leptons (specially 
at high tan (3). 

Several search strategies based on some of these peculiarities are investigated 
[5] and for each of them the region of sensitivity of the CMS experiment is 
calculated. 

Signal events are generated for several mo and mj ^/2 values, tan (3=2 and 35, 
Mo = 0 and both signs of p,. The SUSY processes are simulated with ISAJET 7.32 
and the backgrounds {tt, plus jets, plus jets, QCD) with PYTHIA 5.7[6]. 
The detector response is reproduced with a fast detector simulation package 
(CMSJET[7]). For each of these points the SUSY selection cuts are optimised in 
order to achieve the best sensitivity. Sensitivity is defined as S/^S + B being S 
and B the expected SUSY signal and the Standard Model background. 

Five analyses, called 01, 11, 210S, 21SS, 31 are based on the requirements of no 
leptons, at least one lepton, two leptons with opposite charge, two leptons with 
the same charge and three lepton respectively and one analysis is based only on 
missing transverse momentum The basic requirements of > 200 

GeV and at least 2 jets with E^x* > 40 GeV and < 3 are common to all 
the analyses. 

Figure 2 shows the five sigma discovery contours (corresponding to S'/a/ S + B 
= 5) for an integrated luminosity J Ldt = 100 fb^/ Mo = 0, p > 0, tan/3 = 2 
(left plot) and 35 (right plot). The explorable regions he below the contours. 
The p < 0 case is very similar. The isomass contours of some SUSY particles 
and countours corresponding to Qh? = 1 and 0.4 are also superimposed. The 
^mjss ggarch, which has the best performance, allows to explore regions with 
niq 2.5 TeV. The muon isolation, pile-up and uncertainty on cross-sections 
effects have been investigated as well and do not show a dramatic degradation 
in performance. 



4 Scalar Bottom and Gluino Reconstructions 

The gluino and the sbottom are the strongly interacting SUSY particles which 
are the simplest to reconstruct. The decay g -g- bb, where b — ^ bx^ y!) ££{££) — ^ 

would allow to reconstruct both particles simultaneously. 

In this decay two 6— jets, two same flavour and opposite charge leptons and 
large missing transverse momentum are produced and leptons have a peculiar 
invariant mass distribution with a sharp edge. If m^o < m^+ nii the X 2 
decay would be a three body decay mediated by a virtual slepton and the edge 
would be placed at m^o — m^o . An example of lepton invariant mass distribution 
is shown in the left plot of Fig. 3. In the case m^o > the neutralino 
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nij, ( GeV) nij, ( GeV) 



Fig. 2. Five sigma discovery contours for various final states in f Ldt = lOOfb ^ for 
Ao = 0 , > 0 and tan/J = 2 (left figure) and tan/J = 35 (right figure) [5] 

decay is a two body decay and the edge would be placed at: 




The point corresponding to the values of the mSUGRA parameters mo = 200 
GeV, mi /2 = 100 GeV, tan/3 = 2, Ao = 0 and /r < 0 is examined. The signal 
events as well as the main background events are generated with PYTHIA 6.136 
and detector simulation is performed with GMSJET. The statistics corresponds 
to an integrated luminosity of 3 fb^^. 

The b reconstruction is performed in two steps. Opposite charge leptons with 
an invariant mass distribution close to the edge are selected. This requirement 
allows to select a kinematical condition in which the leptons are emitted back 
to back in the \2 reference frame. In this condition and under the assumption 
m^o 2m^o , which is usually valid, the X 2 momentum is reconstructed through 
the formula: 




The X 2 momentum is then summed with the momentum of the highest Bt 
6— tagged jet and the b can be reconstructed. The gluino is reconstructed from 
the sbottom momentum and that of the closest 6— tagged jet. 

The mass distributions for these mSUGRA parameters values are shown in 
the right plot of Fig. 3. The resolutions on the b and g masses are 32 GeV and 
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m(l*r) (GeV) m(bb£ (GeV) 

Fig. 3. m£+£- distribution for leptons coming from X 2 decay (left side) and invariant 
b and g mass distributions (right side) at mo = 200 GeV, rn- 1/2 = 100 GeV, tan/J = 2, 
Ao = 0 and g < 0 

40 GeV respectively. The measured values of and mg are 263 GeV and 295 
GeV which are not far from the corresponding Monte Garlo input values 275 
GeV and 299 GeV. 

5 Scalar Top Quark Search 

The stop eigenstate with the lowest mass would be the lightest scalar quark for a 
large set of values of the mSUGRA parameters. It can be abundantly produced 
at LHG and has special decay topologies. The possibility to observe a stop signal 
over the Standard Model and SUSY backgrounds is here discussed [9]. 

The main production processes would be the tt pair production and the 
production from the gluino decay g {tt). The study is concentrated on the 
tt process since it would be the simplest one: despite its lower cross section it 
would provide a simpler event topology. 

The dependence of the t mass with respect to mo is shown in the left plot of 
Fig. 4 for different values of mj ^/2 tan/3 = 10, p, > 0 and Ao=0: no remarkable 
dependence is foreseen on tan [3 and the sign of p. 

The tt production cross-section is shown in the right plot of Fig. 4 as a func- 
tion of the t mass. It rapidly decreases with mg and depends on other parameters 
only through higher order corrections [8]. 

The i -g- t\i (with t -g- bW^) and i -g- b\f {xi decay modes are 

considered in the analysis since they would dominate in most of the parameter 
space points examined. Both channels provide one 6— jet, one and one Xg. 
The analysis is concentrated on tt events where one of the two (from t 
or xt) decays leptonically to provide lepton trigger and the other one decays 
hadronically to achieve high statistics. 
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Fig. 4. t mass with respect to mo for different values of mi /2 (left) and tt production 
cross section as a function of toj (right) [9] 



This study is performed with PYTHIA 6.152 and detector simulation is per- 
formed with CMSJET. The analysis is split in two parts: in the first part the 
possibility to discriminate this signal from the known Standard Model back- 
grounds is investigated, while in the second part the backgrounds due to the 
other SUSY processes are also included. 

The main Standard Model background is tt since it has the same final state 
particles of the signal. plus jets, Z'^ plus jets, W^W^, W^Z'^ backgrounds 
are also considered. The variables which are used to perform the Standard Model 
backgrounds rejection are the total transverse mass (m^*) and the trans- 

verse mass of the highest pT lepton- i?™*®® system (m^). The distributions of 
^m*®® sPown in Fig. 5 for the tt signal and tt background: the 

distributions are broader for signal events. The Standard Model backgrounds 
rejection is accomplished by lower cuts on these variables. 

The largest contribution to SUSY backgrounds would come from from qg 
and gg production. A large number of these events is expected to pass the tt 
selection because squarks and gluino would produce a large number of hadron 
jets, leptons and in their decays. These backgrounds can be rejected only 

using the general features of the event because the number of decay topologies 
is very large. 

Since squarks and gluino are heavier than t for almost all points in the pa- 
rameter space considered, the and distributions for the SUSY back- 

grounds are concentrated at higher values with respect to the signal. SUSY 
backgrounds are reduced by upper cuts on these variables. An additional Et 
cut on the hardest jet in the event is also applied because very high Et jets 
are produced in the q — ^ q\^ and q — ^ q'xt decays. The existence of a t— like 
particle can thus be indicated by an excess of events in the intermediate mass 
range. 
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Fig. 5. (left side) and (right side) distributions for the tt signal and the tt 

background at too=400 GeV, TOi/2=400 GeV, Ao = 0, tan/J = 10 and /ii > 0 [9] 





Fig. 6. S/'/B as a function of too and TOi /2 for only Standard Model backgrounds 
(left) and Standard Model plus SUSY backgrounds (right) [9] 



For each point examined cuts are tuned in order to maximise the signal sig- 
nificance defined by S/^fB, being S and B the expected signal and background 
respectively. The signal significance is calculated with the Standard Model back- 
grounds and the Standard Model backgrounds together with the SUSY ones 
separately. Figure 6 shows the highest signal significance which can be obtained 
with this analysis for the low luminosity period (f Ldt =30 fb^^) as a function of 
Too and toi /2 in the Standard Model background case (left) and in the Standard 
Model plus SUSY backgrounds case (right). The region excluded by theory and 
the LEP Fhggs mass bound is also displayed. 

The signal is visible over the Standard Model backgrounds with a significance 
higher than 5 for toj ^/2 < 450 GeV and toq < 700 GeV. At higher toq values 







168 Gabriele Segneri 



the signal significance decreases because the t — ^ X 2 ^ branching ratio becomes 
higher than that of the signal processes considered. At higher mj ^/2 the low value 
of the significance is due to a lower cross section. 

The effect of tan j3 on the expected signal is negligible since the t mass is 
almost independent on it. The only difference would be observed at low mi /2 
values where the xf -x- rv-y decay mode is enhanced. A different search is re- 
quired in this case. 

In the presence of SUSY backgrounds, the t discovery with a signal signif- 
icance of 5 would not be possible in the low luminosity period for most of the 
parameter space points examined. However, assuming a comparable detector 
performance at high luminosity, the 5-sigma discovery would be possible with 
an integrated luminosity of 500 fb^^ in most of the points. At a large Aq, the 
t would be lighter and the tt cross section would be high enough to allow the 
5-sigma observability even in the low luminosity period [9]. 

6 Conclusions 

The CMS detector will allow the discovery of Supersymmetry in a very large 
range of mSUGRA parameters up to masses of 2.5 TeV. The squarks and gluino 
decays offer many special signatures to discriminate the SUSY processes from the 
Standard Model ones. Although studies are still preliminary, it will be possible 
in many cases to separate some signals from the overall SUSY production and 
perform measurements. In particular the decay g ^ bb would allow to reconstruct 
both sbottom and gluino masses. An excess of stop-like events can be observed 
over the Standard Model backgrounds and in some cases also over the SUSY 
backgrounds. 
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Abstract. A method of studying target mass effects in inelastic lepton-hadron scatter- 
ing is suggested. The Jost-Lehmann-Dyson integral representation for structure func- 
tions which accumulates general principles of local quantum field theory is used. It is 
shown that a new expression obtained for the structure function that depends on the 
target mass has a correct spectral property. 



1 Introduction 



The inclusive cross section for inelastic lepton-hadron scattering is expressed as 
the Fourier transform of the expectation value of the current product J(z)J(0) 
in the target state. The operator product expansion (OPE) is a powerful tool to 
study inelastic scattering processes. This method has been applied to define the 
contribution of target mass terms to the structure functions in paper [1]. The 
scheme that has been elaborated is the following. The first step is to organize 
the OPE by using the operators with definite twist and to take the leading twist 
contribution to get the free-held OPE. The second step is to collect the terms in 
the OPE of the form ((/•P')" and relate corresponding coefficients to the moments 
of the structure function. Then, one can restore physical structure functions by 
inverting the moments through the Mellin transformation. These functions are 
parameterized by the quark distribution function F{x) that appears with the 
argument 

O'T' 

e=— -==, (1) 

1 + V 1 + 4x^6 

where x is the Bjorken scaling variable x = Q'^ j2v = Q'^ • P), and e is 

expressed through the target mass M and the transfer momentum Q as e = 
The scaling variable (1) is usually called the Nachtmann variable [2]. 
The trouble with the ^ scaling has widely been discussed in the literature (see, 
for example, [3,4,5,6]). For example, the structure function W 2 {x, Q“^) within this 
method reads [5] 



4F2(x,Q2) 



^^2 \ xG(0 

0^ [^(1 +^247v/2/g2)J > 



G{x) 



dy {y - x) P{y ) , 



where P{x) is the quark distribution function. The defect of this equation is that 
there is a clear mismatch at x = 1. The physical structure function lF 2 (Q^,x) 
in the left hand side vanishes at x = 1, whereas in the right hand side does not. 
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The fact that an approximation can conflict with general principles of a the- 
ory is not rare event in quantum physics. For example, it is well known that when 
the renormalization group equation for the running coupling is solved directly, 
there arise unphysical singularities, for example, the ghost pole in the one-loop 
approximation, and they subsequently appear in physical quantities. This trou- 
ble can be resolved within the analytic approach proposed in [7,8] and elaborated 
in [9,10,11,12,13,14,15,17,16,18]. This method combines the renormalization in- 
variance and the Q^-analyticity of the Kallen-Lehmann type has revealed new 
important properties of the analytic coupling [7,8,15]. The invariant analytic 
formulation essentially modifies the behavior of the analytic running coupling 
in the infrared region by making it stable with respect to higher-loop correc- 
tions. This is radically different from the situation encountered in the standard 
renormalization-group perturbation theory, which is characterized by strong in- 
stability with respect to the next-loop corrections in the domain of small energy 
scale. The analytic perturbation theory leads to new non-power-series expan- 
sions with new nonsingular functions [16]. Applying this algorithm to analyze 
the amplitudes of processes like the e+e^-annihilation into hadrons [13], the 
inclusive r-decay [11,17,18], and the sum rules for the inelastic lepton-hadron 
scattering [14], it has been demonstrated that, in addition to loop stability, the 
analytic perturbation theory results are much less sensitive to the choice of the 
renormalization scheme than those in the standard approach. The three-loop 
level practically insures both the loop saturation and the scheme invariance of 
the relevant physical quantities in the entire energy or momentum range. An in- 
vestigation of hadronic form-factors by using the analytic running coupling has 
been performed in [19]. 

In this paper, following [20], we will apply the Jost-Lehmann-Dyson (JLD) 
integral representation for the structure function accumulating general principles 
of the theory. We argue that in this case it is possible to get an expression for 
the structure function in terms of the quark distribution incorporating the target 
mass effects and having the correct spectral property. 

The method that will be considered is a generalization of the idea used in 
the analytic approach to quantum chromodynamics [7,8]. We base our consider- 
ation on the JLD representation for structure functions of the inelastic lepton- 
hadron process that has been suggested in [21,22]. The structure functions de- 
pend on two arguments, and the corresponding representation that accumu- 
lates the fundamental properties of the theory (such as relativistic invariance, 
spectrality, and causality) have a more complicated form in our analysis than 
in the representation of the Kallen-Lehmann type for functions of one vari- 
able. We use the 4-dimensional integral representation proposed by dost and 
Lehmann [21] for the so-called symmetric case. A more general case has been 
considered by Dyson [22], and similar representation are therefore often called 
the Jost-Lehmann-Dyson representation. Applications of this representation 
to automodel asymptotic structure functions were considered by Bogoliubov, 
Vladimirov, and Tavkhelidze [23]; some of these results and notation will be 
used in what follows. 
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2 The Jost-Lehmann-Dyson Representation 

The proof of the JLD representation is based on the most general properties of 
the theory, such as covariance, Hermiticity, spectrality, and causality [24]. For the 
function W(iy,Q^) satisfying all these conditions, there exists a real moderately 
growing distribution -(/'(u, A^) such that the JLD integral representation holds; 
in the nucleon rest frame, this can be written as [23] 

lV(iy,Q^) = £(qo) J d[go - (Mu - q)^ - A^] yi(u, A^) (2) 

where the function '(/'(u, A^) has a support for 

/9=|u|<l, A^ > A^i„ = M2(1 - 

For the process under consideration, the physical values of v and are pos- 
itive. We, thus, can neglect the factor e((/o) = and keep the same notation 
for VF(i/, Q^). Taking into account that the weight function '(/’(u, A^) = '(p{p, A^) 
is radial-symmetric, as follows from covariance, we write down the JLD repre- 
sentation for W in the covariant form, 

^OO 

lF(i/, = / dp / d}? / dz (3) 



X d(Q^ + M'^p^ + A^ - 2zp\/ i/2 + • 

As follows from representation (3), a natural scaling variable is given by 



s 



X 



1 +4e 

1 + Ax^e ’ 



( 4 ) 



which accumulates the root structure determined by the d-function argument. 
At the same time, in the physical region of the process, the s variable changes 
in the same way as the Bjorken variable x does, i.e., from zero to one (cf. [25]). 
The variable s depends on the mass of the target (the nucleon) and is different 
from both the Bjorken variable and the Nachtmann variable. However, only the s 
variable leads to the moments that have the analytic properties in that we 
need. 

Defining the modified s-moments of the structure functions [15], Afn(Q^), 
and introducing the weight function 

1 

f4„(cr) = - / dpp”+^d(cr - crmin)?/'(/9,cr - MV^) , 
n Jo 

we obtain the representation 



( 5 ) 
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which implies the analyticity of in the complex plane cut along the 

negative semi-axis, i.e., the Kallen-Lehmann type analyticity. Note here that 
in [26], the Deser-Gilbert-Sudarshan integral representation [27] was used to 
arrive at a similar statement regarding the analyticity of the Kallen-Lehmann 
type for x-moments. However, the status of this representation in quantum field 
theory is less clear, since it cannot be obtained starting only with the funda- 
mental principles of the theory (see the discussion in [28]). The relation between 
analytic moments and the x-moments can be found in [15] .In this paper a dis- 
persion relation with respect to the s- variable has been obtained, and a relation 
with the OPE has been established. 

The JLD representation (3) can be rewritten in the form [20] 






^1 pOO 

df3 da 

lo Jo 



( 6 ) 



X d 



a + + 2M2 (^1 - Vl - ^ g^vTTi^ 






convenient for our further consideration, where we introduced the new weight 
function H{(3, a) connected with the initial weight function g(p, A^) via an inte- 
gral expression and supported in: {0 < /3 < 1; <t > 0}. 

Introducing the function T{x, QO that corresponds to the structure function 
IT [v, g^), when the target mass M is neglected, one finds the representation 



T{x,Q0 



dy H 



^-i)g^ 

X 



(7) 



Define a parton distribution function F{x) as the limit of F{x, Q'^) as g^ — > oo. 
The limit of the weight function H{x,a), when the second argument goes to 
infinity, is determined by H{x). From (7) we find the simple relation 



F{x) 



X 



dy H (y ) , 



( 8 ) 



and, therefore, the weight function H (x) connects with the parton distribution 
F{x) as follows H{x) = —dF{x)/dx. Thus, in the Bjorken limit, the weight 
function H in the JLD representation is associated with the derivative of the 
parton distribution. 



3 ^-Scaling 

Now we consider the method of incorporating the target mass corrections. To 
make our explanation more transparent and not to obscure an essence of the 
approach with details of technical character we here consider the case of scalar 
currents. Following the approach suggested in [1], consider the twist- two sym- 
metrical local operators '(p r/p xxiassless quarks \F) = 

O 2 N ...p>M 2 iv| ^ where {F^^^ ...p^^ 2 N'p jg a traceless combination of the 
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products of vectors By using the expression for the scalar combination 

of {P^i • • • pt^ 2 « I with the tensor relating the parameters Ok 

according to [1] to the moments of the quark distribution function h\x) of the 
parton language 

Ok= f (9) 

Jo 

for the moments of the ‘physical’ structure function W (x, Q^), we find 

M„(g2)= f\xx^-^W{x,Q^) = - V (10) 

The formal Mellin transformation of (10) gives 

This relation has obvious an trouble with the spectrality at x = 1 that has been 
mentioned above. 



4 The JLD Representation and Target Mass Dependence 

The difficulty with the spectrality condition which is appear in the ^scaling 
approach can be overcome by applying the JLD representation in a manner as 
the momentum analyticity is used for resolving the ghost pole problem. 

The analytic moments can be written as follows 

/•i 

= I (Twyn '•'(-) ■ 

The first step of our procedure is to find the weight function Un[a) in the rep- 
resentation (5) for the analytic moments. As a result, we have 

2 1 /*oo 

Un{cr) = Un{<X)) + —^'^{(7)-2a- ^„(<j) - (rt- 1) / ds^„(s). (12) 

n n J 

Here P„(oo) is defined by the relation Af„(oo) = P„(oo)/(n, — 1) and <Pn{o') = 
P(V^M2). 

The weight functions H{j3, a) in (6) and Un{a) in the integral representation 
for the analytic moments (5) are related as follows 

P„(u)= f dfJfr-^ (13) 

Jo 

where = H{(3^ <r— 2M^(1— \/l — /3^)). Thus, the functions Un{a) are the 

moments of the weight function H{j3,a) and, therefore, Un{a) can be restored 
by the Mellin transformation. 
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Then, we represent the function H{j3, a) in the form 



H{(3,a) = Ho{(3) + h{(3,a), 



where the function Ho is connected with the parton distribution function, and 
define the function h{(3,a) = h{j3,a — 2M^{1 — •\/l — /3^)) , for which one can 
write 

■y-\-ioo 

Hf3,cr) = ^ y [(7„(cr) - (7„(oo)] , 

j—ioo 

where the difference Un{a) — (7„(oo) is expressed via the parton distribution 
function as follows 



Un{cr) - Un{oo) 



1 d 
2M2 n da 




a n, — 1 
AC n 

n-i r°° 



2M2 




(14) 



Next, we represent the structure function as 

IV (x, Q^) = Wo(x, + w{x, , 

where Wo{x,Q'^) corresponds to the weight function Ho{(3)] and w[x,Q‘^), to 
h((3,a), and express Wo{x,Q'^) in the form 



Wo{x, Q2 



df3 9[fif3;x, e)]Fo(/3), 



fifJ;x,e) = ^^/^T4i - 1 - 2e(l - - /?2) . 

s 

The variables /3_ and f3^, if x > x = 1/Vl + 4e^, 



/3± 



xV 1 + 4ex2 






1 — x2 

1 + 4ex2 



1 + 4ex2 + 46^x2 
are the roots of the equation /(/3;x, e) = 0. Thus, we have 

b\(3_) — F{1), 0 < X < X, 

F{j3-) — F{j3^), X < X < 1. 



(15) 



(16) 



Wo{x, Q2 



(17) 



The spectral property of Wo{x, Q^), its vanishing at x = 1, comes from the re- 
lation /3_(x = 1) = /?y(x = 1). The function lTo(x, Q'^) is a continuous function 
at X = X because /3^ (x) = 1 . 
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Fig. 1. Behavior of functions j3±, j3-r, Fig. 2. Behavior of structure functions for 
and rj as function of x for e = 0.5. e = 0.5. 



For the function w{x, Q^), one finds 

w{x,Q^)=f dfje[f{fj;x,e)]e[g{fj;x,e)]4>{fj;x,e) , (18) 

Jo 

where /(/?;x,e) is defined by (15) and 

g(/?;x, e) = [(/3/s)vTT4e - 1] /e - y , (19) 

4>{f3; X, e) = ^ 6>(r) 6»(1 - r) [V^F’( y/^)] , (20) 

with r = r{f3; x, e) = [(/3/s)a/1 + 4e — l] j e. The equation r(/?; x, e) = 1 has the 
root /?T- = (1 + £)s/a/1 + 4e. The solutions of the equation g(f3; g,e) = 0 are con- 
nected with the ^variable (^-=^ ^nd are of the form = (vT+4ea?±l)/2ex. 

The relative behavior of the functions (3^, (3^, and g = s/y/l + 4e as a 
function of x for e = 0.5 is shown in Fig. 1. This figure demonstrates that the ^ 
does not appear in the expression for the structure function, because the range 
of integration in (18) includes the interval from /3_ to /?,-. 

In Fig. 2, we plot the structure functions as functions of x for e = 0.5. The 
parton distribution is taken in the form F{x) = x^(l — x)^ (dashed curve). 
The physical structure functions, IF(x, e), that depend on the target mass are 
obtained in two ways: the dotted curve was constructed by the “^’’-scaling ex- 
pression (If), and the solid line was constructed by using the JLD representation. 
This figure demonstrates the difference between these methods. The structure 
function obtained by the JLD representation has the correct spectral behavior 
at X = I as compared with the “^’’-scaling prediction. 

5 Conclusions 

The JLD representation reflecting the general principles of the local quantum 
field theory (covariance, Hermiticity, spectrality, and causality) has been ap- 
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plied for studying the inelastic lepton-hadron process. Here we have concen- 
trated on the well-known trouble that is a characteristic feature of the so-called 
“^’’-scaling approach. We have argued that the approach proposed here gives 
the self-consistent method of incorporating the target mass dependence into the 
structure function and does not lead to the conflict with the spectral condition. 
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Abstract. In our model with a Standard Model gauge group extended with a baryon 
number minus lepton number charge for each family of quarks and leptons, we calculate 
the baryon number relative to entropy produced in early Big Bang by the Eukugita- 
Yanagida mechanism. With the parameters, i.e., the Higgs VEVs already fitted in a 
very successful way to quark and lepton masses and mixing angles we obtain the order 
of magnitude pure prediction Yb = 2.59^2^26 ^ 10^^^ which according to a theoretical 
estimate should mean in this case an uncertainty of the order of a factor 7 up or down 
(to be compared to Yb = (1.7 — 8.1) x 10“^^) using a relatively crude approximation for 
the dilution factor, while using another estimate based on Buchmirller and Plirmacher 
a factor 500 less, but this should rather be considered a lower limit. With a realistic 
uncertainty due to wash-out of a factor 100 up or down we even with the low estimate 
only deviate by 1.5a. 



1 Introduction 

Using the model for mass matrices presented by us in an other contribution [1] 
at this conference we want to compute the amount of baryons produced in the 
early universe. This model works by having the mass matrix elements being 
suppressed by approximately conserved quantum numbers from a gauge group 
repeated for each family of quarks and leptons and also having a {B — L) charge 
for each family. 

The baryon number density relative to entropy density, Y^, is one of the 
rather few quantities that can give us information about the laws of nature 
beyond the Standard Model and luckily we have from the understanding of 
the production of light isotopes at the minute scale in Big Bang fits to this 
quantity [2] . The “experimental” data of the ratio of baryon number density to 
the entropy density is 



Yb 



exp 



(1.7 -8.1) X 10^11 



( 1 ) 



We already had a good fit of all the masses and mixings [3,4] for both quarks and 
leptons measured so far and agreeing with all the bounds such as neutrinoless 
beta decay and proton decay not being seen and matching on the borderline but 
consistent with the accuracy of our model and of the experiment of CHOOZ the 
electron to heaviest left-handed neutrino mixing, and that in a version of our 
model in which the dominant matrix element in the right-handed neutrino mass 
matrix is the diagonal one for the “third” {i.e. with same {B — L)^ as the third 
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family) family right-handed neutrino. This version of our model which fits 
otherwise very well does not give sufficient {B —L) excess, that survives, but the 
by now the best model in our series should have the right-handed mass matrix 
dominated by the off-diagonal elements (2,3) and (3,2), so that there appears 
two almost mass degenerate see-saw neutrinos, in addition to the third one (first 
family) which is much lighter. 

2 Mass Matrices and Results for Masses 
and Mixing Angles 

Our model produces mass matrix elements - or effective Yukawa couplings - 
which are suppressed from being of the order of the top-mass because they are 
forbidden by the conservation of the gauge charges of our model and can only be- 
come different from zero using the 6 Higgs fields [4,5] which we have in addition 
to the field replacing the Weinberg-Salam one. In the neutrino sector according 
to the see-saw mechanism [6] we have to calculate Dirac- and Majorana-mass 
matrices, Meg (MjP)^, to obtain the effective mass matrix Meg for 

the left handed neutrinos we in practice can “see” . Here we present all mass 
matrices as they follow from our choice of quantum numbers for the 7 Higgs 
fields in our model and for the quarks and leptons (as they can be found in the 
other contribution). Only the quantum numbers for the field called 4>b-l is - 
in order to get degenerate see-saw neutrinos - changed into having the B — L 
quantum numbers of family 2 and 3 equal to 1, 7e., {B — L )2 = {B — L)s = 1, 
while the other family quantum numbers are just zero: 

the up- type quarks: 

/ (u;t)3FFtr2 Lup^W^yT\ 

(^t)4pppty2 (FFt)2r (2) 

the down- type quarks: 

,, \ / oj^W{T^f ujp^W{T^f ujp^T'-^\ 

/ 2^^(yt)2 FF(rt)2 y3 (3) 

yu;2ppp2(yt)4 pp2(yt)4 ppy J 

the charged leptons: 

, , / u;3FF('4't)2 (u;t)3^3pp(.j.t)2 (cu^ff/WT*x\ 

cc«(pt)3i4/('j't)2 H/('j't)2 wT^x (4) 

^2 \u;e(pt)3^ppt)2y4 (ppt)2y4 J 

the Dirac neutrinos: 

j^D _ / (pt)3ppty2 ppty2 W^T'^X (5) 

v2 \(pt)3pphj't^t pphj't j 
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and the Majorana (right-handed) neutrinos: 

/ {p^fx^ {p^fxV^ (pt)3/2\ 

(pt)3;^t/2 i (6) 

V(P^)V2 1 X / 

We shall remember that it is here understood that all the matrix elements are 
to be provided with order of unity factors which we do not know and in practice 
have treated by inserting random order of unity factors over which we then 
average at the end (in a logarithmic way). 



3 Renormalisation Group Equations 



The model for the Yukawa couplings we use gives, in principle, these couplings 
at the fundamental scale, taken to be the Planck scale, at first, and we then use 
the renormalisation group to run them down to the scales where they are to be 
confronted with experiment. Prom the Planck scale down to the see-saw scale 
or rather from where our gauge group is broken down to SMG x P(1 )b-l we 
use the one-loop renormalisation group running of the Yukawa coupling constant 
matrices and the gauge couplings [3] in GUT notation including the running of 
Dirac neutrino Yukawa coupling: 



lOTT — — = firf 

dt 10 



.(■2^92 19 3 

lOTT — — = Uo 

dt 16 ^ 



dt ’ 



16^2 -Y^ (Y^)^) Y, + I^Ys- l^^gl + ^gl + 8gj^ | Y, , 

16^'^ = ^ {Y^{Y^)^ -YrAYr^y) Y, + |y,- ^ 9^2 ^ 8^2^ I 

=5 (W)'-U(U)t)r. + {u-(|j,? + 5,.l)}r. . 



where t = In/c and g is the renormalisation point. 

In order to run the renormalisation group equations down to 1 GeV, we use 
the following initial values: 



U{1): (/i(Mz) = 0.462 , 

SU{2): < 72 (^ 2 ) = 0.651 , 

SU{3) : gs{Mz) = 1.22 , 



ffl(A^Planck) = 0.614 , 
ff 2 (Alpianck) = 0.504 , 
gr 3 (Mpianck) = 0.491 . 



(7) 

( 8 ) 
(9) 



We varied the 6 free parameters and found the best fit, corresponding to the low- 

r f (m) 

est value for the quantity g.o.f. = W In = 3.38, with the following 

^ ' y ITTexp J 
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Table 1. Best fit to conventional experimental data. All masses are running masses 
at 1 GeV except the top quark mass which is the pole mass. Note that we use the 
square roots of the neutrino data in this Table, as the fitted neutrino mass and mixing 
parameters (m), in our goodness of fit (g.o.f.) definition. 





Fitted 


Experimental 




Fitted 


Experimental 


mu 


5.2 MeV 


4 MeV 


nid 


5.0 MeV 


9 MeV 


me 


0.70 GeV 


1.4 GeV 


rus 


340 MeV 


200 MeV 


Mt 


208 GeV 


180 GeV 


rrit, 


7.4 GeV 


6.3 GeV 


me 


l.f MeV 


0.5 MeV 


K. 


0.10 


0.22 


rriij. 


8f MeV 


105 MeV 


Vcb 


0.024 


0.041 


m-r 


f.ff GeV 


1.78 GeV 


Vub 


0.0025 


0.0035 


AniQ 


9.0 X fO^'" eV^ 


4.5 X lO^'^ eV^ 




1.8 X 10^^ eV^ 


3.0 X 10^^ eV^ 


tan^ 6 >o 


0.23 


0.35 


tan ^atni 


0.83 


1.0 


tan Ochooz 


3.3 X f0^2 


< 2.6 X 10^2 


g.o.f. 


3.38 


- 



values for the VEVs: 

{4>y^s) = 246 GeV , (</>«_^) = 1.23 x 10“ GeV , (u;) = 0.245 , 

(p) = 0.256 , (IV) = 0.143 , (T) = 0.0742 , (x) = 0.0408 , (10) 

where, except for the Weinberg-Salam Higgs field and {4>b-l), the VEVs are 
expressed in Planck units. Hereby we have considered that the Weinberg-Salam 
Higgs field VEV is already fixed by the Fermi constant. The results of the best 
fit, with the VEVs in eq. (10), are shown in Table 1. 



4 Quantities to Use for Baryogenesis Calculation 



Since the baryogenesis in the Fukugita-Yanagida scheme [7] arises from a nega- 
tive excess of lepton number being converted by Sphalerons to a positive baryon 
number excess partly and this negative excess comes from the CP violating 
decay of the see-saw neutrinos we shall introduce the parameters Cj giving the 
measure of the relative asymmetry under C or CP in the decay of neutrino 
number i: Defining the measure Cj for the CP violation 

n^ui ^ -p 

Ea,/3 r{Nui — ^ ~ t ^C4'ws) 



where P are Nri decay rates (in the Nni rest frame), summed over the neutral 
and charged leptons (and Weinberg-Salam Higgs fields) which appear as final 
states in the decays one sees that the excess of leptons over anti-leptons 
produced in the decay of one Nr i is just Cj . The total decay rate at the tree level 
is given by 



Uvi = + Uy-£ 



47 T {4>ws) 



( 12 ) 
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where can be expressed through the unitary matrix diagonalising the right- 
handed neutrino mass matrix Vr: 



Wd =M^Vr , 

vl Mr Ml Vr = diag ( Ml , M| , M| ) 



The CP violation rateis computed according to [8,9] 









J I m2 



4 ^ {KsY YMPYMP) 




(13) 

(14) 



(15) 



where the function, fix), comes from the one- loop vertex contribution and the 
other function, g(x), comes from the self-energy contribution. These e’s can be 
calculated in perturbation theory only for differences between Majorana neutrino 
masses which are sufficiently large compare to their decay widths, i.e., the mass 
splittings satisfy the condition, \Mi — Mj\ ^ jT* — Tj|: 



fi'^) 



1 — (1 + x) In 



1 + xl 






1 — X 



(16) 



We as usual [2] introduce the dacay rate relative to 



* “ 2H 



M 



T=Mi 






Planck 

■wsY 



{{myIaTy), 



Mi 



Y = 1,2,3) , (17) 



where Fi is the width of the flavour i Majorana neutrino, Mj is its mass and 
is the number of degrees of freedom at the temperature Mj (in our model 
- 100 ). 

In order to estimate the effective K factors we first introduce some normalized 
state vectors for the decay products: 



1*)^ ^ \my{my 



Yk=l 



ki 



MYiMY , MYiMY , MYiMY 

. li L J2i . 



Then we may take an approximation for the effective K factors: 



J 3i 



(18) 



Kr, = kymy , (19) 

= KYMY + |(2|3)p KYMY + |(2|1)P KYMY , (20) 

= Ks{MY + |(3|2)p K2{MY + |(3|1)P KYMY • (21) 



5 Result for Baryogenesis 

Using the Yukawa couplings - as coming from the VEVs of our seven different 
Higgs fields - the numerical calculation of baryogenesis were performed using 




Family Replicated Calculation of Baryogenesis 183 



our random order unity factor method. In order to get baryogenesis in Fukugita- 
Yanagida scheme, we calculated the see-saw neutrino masses, factors and 
CP violation parameters using N = 10, 000 random number combinations and 
logarithmic average method: 

Ml = 2.1 X 10^ GeV , = 31.6 , |ci| = 4.62 x lO-^^ 

M -2 = 8.8 X 10® GeV , = 116.2 , |c2| = 4.00 x lO^® 

Ms = 9.9 X 10® GeV , = 114.7 , |c3| = 3.27 x 10“® 



The sign of Cj is unpredictable due to the complex random number coefficients 
in mass matrices, therefore we are not in the position to say the sign of e’s. Using 
the complex order unity random numbers being given by a Gaussian distribution 
we get after logarithmic averaging using the dilution factors as presented by [2,3] 

Yb = 2 . 59 + 2^25 ^ ( 22 ) 



where we have estimated the uncertainty in the natural exponent according [10] 
to be 64 % • a/IO 200 %. 

The understanding of how this baryon to entropy prediction Yb comes about 
in the model may be seen from the following (analytical) estimate 



Yb 



- • ^ - 1 . 1Q-® 

3 Mpianck 3 



(23) 



where we left out for simplicity the In K factor in the denominator of the dilution 
factor K and where M3 is the mass of one of the heavy right-handed neutrinos in 
our model M3 « {4>b-l)- Since the atmospheric mass square difference square 
root ~ 0-03 eV « {(j>ws) (WT)'^ /M 3 , we see that keeping it leaves us 

with the dependence 



Yb 



{4>ws)‘^ X 

3^0.05 eV-g, Mpi^nck 




X 



(24) 



6 Problem with Wash-Out Effects? 



To make a better estimate of the wash-out effect we may make use of the calcu- 
lations by [11] by putting effective values for the see-saw neutrino mass M and 
m. The most important wash-out is due to “on-shell” formation of right-handed 
neutrinos and only depends on K or the thereto proportional m, but next there 
are wash-out effects going rather than by i? or m as Mm®. In the presentation 
of the results by [11] fixed ratios between right-handed neutrino masses were 
assumed. However, in reality a very important wash-out comes form the off-shell 
inverse decay and that goes as 



viY 

3 



M® ^2 
M® 



with nij 



My 



(25) 
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Here we use the notation with ffij from [11]: rhj « Kj ■ 2.2 • lO^^eV. 

Using such a term (see eq. 25) with the ansatz ratios used in [11], M| = 
10® Mf and M| = 10® one gets for eq. (25) 10® Mi ml, while we would 

with our mass ratios (eq. 22) M| « 1/4-10^® Mf and M| « 1/4-10^® Mf obtain 
correspondingly 2 • 10® GeV • 1/4 • 10^® mg » 1/2 • 10^® GeV m|, which then 
being identified with 10 ® Mi use Wg would lead to that we should effectively 
use for simulating our model the mass of the right handed neutrino - which 
is a parameter in the presentation of the dilution effects in [ 11 ] - Mi use = 
1/2 • 10^® GeV/10® = 1/2 • 10® GeV. Inserting this Mi use value for our estimate 
mg ~ m 3 ~ 0.1 eV gives a dilution factor k 10^*^, i.e., a factor 500 less than 
what we used with our estimate using the ifeff’s. (Our mg = fhg are surprisingly 
large compared to the Am^^^ because of renormalzation running .) Using the 
better calculation of [ 11 ] which has a very steep dependence - a fourth power 
say - as function of rh our uncertainty should also be corrected to a factor 100 
up or down. So then we have one and a half standard deviations of getting too 
little baryon number. 

7 Conclusion 

We calculated the baryon density relative to the entropy density - baryogenesis 
- from our model order of magnitude wise. This model already fits to quark and 
lepton masses and mixing angles using only six parameters, vacuum expectation 
values. We got a result for the baryon number predicting about a factor only 
three less than the fitting to microwave background fluctuations obtained by 
Buchmuller et al. [12], when we used our crude Kes^s approximation. However, 
using the estimate extracted from the calculations of [ 11 ] we got three orders of 
magnitude too low prediction of the baryon number. This estimate must though 
be considered a possibly too low estimate because there is one scattering effect 
that is strongly suppressed with our masses but which were included in that 
calculation. But even the latter estimate should because of the steep dependence 
of the result on the parameters be considered more uncertain and considering 
the deviation of our prediction only 1.56 <t is not unreasonable. 

Since we used the Fukugita-Yanagida mechanism of obtaining first a lepton 
number excess being converted (successively by Sphalerons) into the baryon 
number, our success in this prediction should be considered not only a victory 
for our model for mass matrices but also for this mechanism. Since our model 
would be hard to combine with supersymmetry - it would loose much of its 
predictive power by having to double the Higgs fields - we should consider it in 
a non SUSY scenario and thus we can without problems take the energy scale 
to inflation/reheating to be so high that the plasma had already had time to 
go roughly to thermal equilibrium before the right-handed neutrinos go out-of- 
equilibrium due to their masses. We namely simply have no problem with getting 
too many gravitinos because gravitinos do not exist at all in our scheme. 

Another “unusual” feature of our model is that the dominant contribution to 
the baryogenesis comes from the heavier right-handed neutrinos. In our model it 
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could be arranged without any troubles that the two heaviest right-handed neu- 
trinos have masses only deviating by 10% namely given by our VEV parameters 
y. This leads to significant enhancement of the C 2 and £3 which is crucial for the 
success of our prediction. There is namely a significant wash-our taking place, 
by a factor of the order of k = 10“^ to 10“®. It is remarkable that we have here 
worked with a model that order of magnitudewise has with only six adjustable 
parameters been able to fit all the masses and mixings angles for quarks and 
leptons measured so far, including the Jarlskog CP violation area and most im- 
portantly and interestingly the baryogenesis in the early Universe. To confirm 
further our model we are in strong need for further data - which is not already 
predicted by the Standard Model, or we would have to improve it to give in prin- 
ciple accurate results rather than only orders of magnitudes. The latter would, 
however, be against the hall mark of our model, which precisely makes use of 
that we can guess that the huge amount of unknown coupling constants in our 
scheme with lots of particles can be counted as being of order unity. 
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Measurement of sin(2/3) with BaBar 
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Abstract. The measurement of sin(2/J) presented here establishes CP violation in 
the meson system at the 4.1a level. The probability of obtaining this value of 
sin(2/J) or higher in the absense of CP violation is consistent with the range implied by 
measurement and theoretical estimates of the magnitudes of CKM matrix elements. 



1 Introduction 

CP violation was observed for the first time in 1964 in the decay of mesons [1] 
and since its discovery it has been the subject of many experiments and the 
motivation of many theoretical developments in particle physics. In Standard 
Model CP violation arises from the existence of a complex irremovable phase in 
the three-generation CKM quark mixing matrix [2] . The unitarity of this matrix 
can be expressed in geometric form by six triangles of equal area in the complex 
plane. A non-zero area of the triangles directly implies CP violation. 

The most experimentally accessible unitarity relation, involving the smallest 
elements of the CKM matrix, Vub and Vtd, is known as Unitarity Triangle. The 
primary goal of the BaBar experiment is to overconstrain the Unitarity Triangle 
through CP violation measurements of its angles a , j3 and 7 and the deter- 
mination of its sides \Vub\^ |Uc 6 | in semileptonic B decays and \Vtd\ in 
mixing. 

We present here the measurement of time-dependent CP-asymmetry in a 
sample of fully reconstructed B meason decays to CP eigenstates containing 
charmonium: b — ^ ccs. This measurement is used to probe the angle j3 = arg[- 
VcdV:jVuv;,] [3]. 

The data for this study were recorded by the BaBar detector at the PEP-II B 
factory at SLAC, that consists of two storage rings producing asymmetric e+e^ 
collisions, at a centre-of-mass energy corresponding to the mass of the T{AS) 
resonance (10.58 GeV). The T{4S) decays almost exclusively to P+P^ or to 
coherent P^P^ pairs. 

The two neutral P mesons oscillate coherently between B^B^ and B^B^ . 
If one of them, Btag, decays at a time t = ttag into a state that identifies its 
flavour, the flavour of the other P meson, P^ec, is also know at that time. Brec 
then oscillates until it also decays at a time t = tree into a CP [Bcp) or flavour 
(Bfiav) eigenstate which are fully recostructed. 
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The coherent state is in a p-wave state, so that its time evolution [4] 

is governed by the expression 



0 |Zii|/T^O 

fy( At) = [1 ± S' sin {Am^At) C cos {Am^At )] , (1) 

4tbo 



where At = t^ec ~ ttag is the signed difference between the two B decay times, 
T is the lifetime [6] and Anid is the mixing frequency [6], 

The sine term in 1 is due to the interference between direct decay and the 
decay after mixing. The cosine term is due to direct CP violation. 

The CP violating parameters S and C can be defined in terms of the complex 
parameter A that depends on both mixing and on the amplitudes Af or 

Aj describing B^ and B^ decays to a final state /: 



S' 



2 ImA 

TT^ 



and C 



1 - |AP 

1 + |A|2 



( 2 ) 



For Brec decaying into a flavour eigenstate, either Af or Af are null, so 
that ImA = 0 and A = 0 and expression (1) gives in this case t^o from the 
exponential term and Anid from the oscillating term. 

For Brec decaying into a CP eigenstate, a difference between B^ and 
At distributions or an asymmetry between negative and positive At for either 
flavor tag is evidence of CP violation. In the Standard Model A = rjfe^'^^ for 
charmonium-containing b — ^ ccs decays, where iff is the CP eigenvalue of the 
final state f and B is the angle of the Unitarity 'Triangle of the three-generation 
CKM matrix [2]. 

The time-dependent CP asymmetry is: 

AcpiAt) = = -Vf sin 2/3 sin) Anid At) • (3) 



2 The BaBar Detector 

A detailed description of the BaBar detector can be found in [5] . Charged parti- 
cles are detected and their momenta measured by a combination of silicon vertex 
tracker (SVT) consisting of five layers of double side silicon microstrip detectors 
and a drift chamber (DCH) placed inside a 1.5 T superconducting solenoid. The 
average vertex resolution in the z direction is 70/rm for a fully reconstructed 
B meson. Leptons and hadrons are identified with measurements from all de- 
tector systems, including the energy loss (dE/dx) in the DCH and SVT. The 
identification of electrons and photons is done by a Csl crystal electromagnetic 
calorimeter (EMC). Muons are identified in the instrumented flux return (IFR) 
consisting of layers of iron alternate with resistive plate counters. A Cherenkov 
ring imaging detector (DIRC) covering the central region, together with dE/dx 
information, provides K/tt separation of at least three standard deviations for 
B decay products with momentum greater than 250 MeV /c in the laboratory. 
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3 B Reconstruction 



The Bfiav sample of fully reconstructed decays of and B+ mesons to flavour 
eigenstates, contains approximately 23 million BB pairs^. 

The reconstructed modes are ^ J/']/K*° 

and B+ — ^ J/'BK^, ]I/{2S)K^. Charged and neutral D* candidates 

are reconstructed in the decay channels and 

tr^TT+TT" and D~ candidates in the decay channels K^n~n~ and K%ti~ . We 
reconstruct J/i' and W{2S) in the decays to e+e^ and fiT and the W{2S) 
decay to J/lf'Tr+Tr^. 

We extract sin(2/3) from a sample of fully reconstructed B'^ decays into fi- 
nal states with 'ijf = —1 (J/'BKg, 'B(2S)Kg, XciKs)’ ''?/ = 

'rif(effective) = +0.65 ± 0.07 {J/<BK*^ with K*^ — ^ Rgir^). 

B candidates are identified by the difference AE between the reconstructed B 
energy and the beam energy a / s /2 in the T{4S) frame, and by the beam-energy 
substituted mass niEs calculated from a / s /2 and the reconstructed B momen- 
tum. We require tues > ^.21GeV j c? and \AE\ < Sa^E- The \AE\ resolution is 
mode dependent and ranges from 10 to 40 MeV. 

4 Flavor Tagging 

Each event is assigned to one of four hierarchical, mutually exclusive tagging 
categories or excluded from the analysis. The Lepton and Kaon categories contain 
events with high momentum leptons (pcM >1.0 and 1.1 GeV/c for electrons and 
muons respectively) from semileptonic B decays or with kaons, whose charge is 
correlated with the flavour of the decaying b quark. The NTl and NT2 categories 
are based on a neural network algorithm that exploits the information carried by 
non-identifled leptons and kaons and by soft pions from D* decays. The yields, 
efficiencies, purities and mistag rates w for each tagging category are listed in 
Table 1. 



Table 1. Tagging Performances 



Category Fraction of tagged events Wrong tag fraction Q=e(l-2w)^ 



e(%) vj (%) (%) 



Lepton 


10.9 + 0.3 


8.9 + 1.3 


7.4+ 0.5 


Kaon 


35.8+0.5 


17.6 + 1.0 


15.0 + 0.9 


NTl 


7.8 + 0.3 


22.0 + 2.1 


2.5 + 0.4 


NT2 


13.8+0.3 


35.1 + 1.9 


1.2 + 0.3 



^ Charge-conjugation is implied throughout this document unless otherwise noted. 
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5 At Measurement and Resolution 

The measured distance between the two B decay vertices along the detector axis, 
Az ^ (3^cAt, provides a good estimate of At. 

The Brec vertex is reconstructed from the charged Brec daughters, with a 
resolution = 70p,m (the core of the distribution, describing 80% of the events 
has a width, = 4:5ij.m). 

The Btag vertex is determined from the charged tracks not belonging to Brec- 
An additional constraint is provided by the calculated Btag production vertex 
and three-momentum. These quantities are determined by the measured three- 
momentum of the Brec candidate, its decay vertex and the average position of 
the interaction point and the T{4S) boost. Reconstructed A and Ks candidates 
are used as input to the fit instead of their daughters, to reduce the bias due to 
long-lived particles. 

The overall Az reconstruction efficiency is 97%. The Az resolution, domi- 
nated by the z resolution of the Btag vertex, is a^z = 190/rm (65% of the events 
have a^z = 110/rm). 

The At resolution function for signal events is represented as a sum of three 
Gaussian distributions. All offsets are modeled to be proportional to the event- 
by-event error, a At, which is correlated with the weight that the daughters of 
long-lived charm particles have in the tag vertex reconstruction. The “core” and 
“tail” Gaussian distributions have widths scaled by the event-by-event measure- 
ment error derived from the vertex fits. A separate offset for the core distribution 
is allowed for each tagging category to account for small shifts caused by inclu- 
sion of residual charm decay products in the tag vertex. The third Gaussian 
has a fixed width of 8 ps and accounts for fewer than 1% of events with incor- 
rectly reconstructed vertices. Identical resolution function parameters are used 
for all modes, since the At resolution is dominated by the Btag vertex precision. 
Separate resolution function parameters have been used for data collected in 
1999-2000 and 2001, due to the significant improvement in the SVT alignment. 

6 CP Analysis and sin(2/3) 

The measurement is made with a simultaneous unbinned likelihood fit to the At 
distribution of the flavour and the CP tagged events. The oscillation amplitudes 
on both CP and samples are reduced by the same (1 — 2w) factor due 

to wrong tags. Both distributions are also convoluted with the same resolution 
function described in the previous section. Background terms are included in the 
likelihood, each with its own time distribution and resolution function. Events 
are assigned signal and background probabilities based on the AE {J/PK^) or 
mEs (all other modes) distributions shown in Fig. 1. 

Including sin(2/3), a total of 45 parameters are floated in the fit: the average 
signal mistag fractions w and differences Aw (8 parameters), the signal At reso- 
lution parameters (16) and all the background parameters: time dependence(9). 
At resolution (3) and mistag fractions(8). The determination of the signal mistag 
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Fig. 1. a) Distribution of mES for Bcp candidates having a K% in the final state; b) 
distribution of AE for J/EK^ candidates. 

fractions and resolution parameters are dominated by the large Bfiav sample; 
the background parameters by the events with niEs < 5.27GeV/c^. As a result, 
the largest correlation between sin(2/3) and any linear combination of all the 
other free parameters is only 0.13. We fix tb = 1.548 ps and Anid = 0.472 ps^^ 
[ 6 ]. 

Figure 2 shows the At distributions of the events overlaid with the fit results 
for the rif = —I and r]f = +1 samples. In a sample of 32 million BB pairs, the 
simultaneous fit to all CP modes and flavour decays }4elds: 



sin(2/?) = 0.59 ± 0.14(stat) ± 0.05{syst). (4) 

The probability to obtain a lower likelihood value than the one from the fit 
is 27%. 

The main contributions to the systematic error are the parameterization 
of the At resolution function (0.03), due in part to residual uncertainties in 
the alignment, possible differences in the mistag fractions between the Bcp 
and Bfiav samples (0.03) and uncertainties in the level, composition and CP 
asymmetry of the background in the selected CP events (0.02). 

The results split into categories and classes are shown in Fig. 3. 



Measurement of sin2(/3) with BaBar 



191 




-5 0 5 

At (ps) 

Fig. 2. Number of r]f = —1 candidates in the signal region a) with a tag, N^o and 
b) with a B‘^ tag, Ngg and c) the asymmetry (_Ngo — N^g)/ {Ngo -\- Ngo) as a function 
of At. The solid curves represent the result of the combined fit to all selected CP events 
and the shaded regions represent the background contributions. Figures d)-f) contain 
the corresponding information for the rjf = +1 candidates. 



7 Conclusions and Outlook 

The measurement of sin(2/3) presented here establishes CP violation in the 
meson system at the 4. la level, 37 years after its discovery in the Kaon system. 
The probability of obtaining this value of sin(2/3) or higher in the absence of 
CP violation is 3 x 10^®. This direct measurement is consistent with the range 
implied by measurements and theoretical estimates of the magnitudes of CKM 
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Sample 


■^tag 


Purity (%) 


sin 2/3 


J/^iL/,/3(2Y)iL/,x,iiL/ 
J/ijKl {rjf = +l) 
K*° K°tt° 


480 

273 

50 


96 

51 

74 


0.56 ± 0.15 
0.70 ± 0.34 
0.82 ± 1.00 


Full CP sample 


803 


80 


0.59 ± 0.14 


V’(25')iL/, XciK'^ only {rjf -- 


= -l) 




J/i’Kg (iL/ ^ TT+TT ) 


316 


98 


0.45 ± 0.18 


J/lpK^ {Kg 1T°1T°) 


64 


94 


0.70 ± 0.50 


//>(2S')iL/ (AT/ ^ TT+TT-) 
XclP°s iK tt+tt-) 


67 

33 


98 

97 


0.47 ± 0.42 

9 KO -1- 0.55 


Lepton tags 


74 


100 


0.54 ± 0.29 


Kaon tags 


271 


98 


0.59 ± 0.20 


NTl tags 


46 


97 


0.67 ± 0.45 


NT2 tags 


89 


95 


0.10 ± 0.74 


B'^ tags 


234 


98 


0.50 ± 0.22 


B° tags 


246 


97 


0.61 ± 0.22 


Bflav non-CP sample 


7591 


86 


0.02 ± 0.04 


Charged B non-CP sample 


6814 


86 


0.03 ± 0.04 



Fig. 3. Number of tagged events, signal purity and result of fitting for CP asymmetries 
in the full CP sample and in various subsamples, as well as in the Bflav and charged 
B control samples. Errors are statistical only. 



matrix elements. By the summer of 2002, with a data sample of more than 100 
million BB pairs a measurement of sin (2/3) with a precision of less than 0.1 will 
be possible. 
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Abstract. We present main results of the investigation of the rare decay mode D° — s- 
77 , in which the long distance contributions are expected to be dominant. Using the 
Heavy Quark Chiral Lagrangian we have considered the anomaly contribution which 
relates to the annihilation part of the weak Lagrangian and the one - loop n, K dia- 
grams. The loop contributions which are proportional to g and contain the ai Wilson 
coefficient are found to dominate the decay amplitude. The branching ratio is then cal- 
culated to be (1.0±0.5) X 10^®. Observation of an order of magnitude larger branching 
ratio could signal new physics. 



In the past years the rare decays of B mesons came under the spotlights as the 
source of possible signals of new physics. In the meanwhile studies of rare D 
decays have received much less attention. Partially this is because theoretical 
investigations of D weak decays are rather difficult, also due to the presence of 
many resonances close to this energy region. The penguin effects on the other 
hand, which are very important in B and also in K decays, are usually suppressed 
in the case of charm mesons due to the presence of d, s, h quarks in the loop 
with the respective values of CKM elements. 

Nevertheless, D meson physics has produced some interesting results in the 
past year. Experimental results on time dependent decay rates of ^ 
by CLEO [1] and D° K+Kr and D° K-tt+ by FOCUS [2] have stimulated 
several studies on the oscillations [3]. The recently measured D* decay 

width by CLEO [4] has provided the long expected information on the value 
of D* Dtt coupling. Among the rare D decays, the decays D — ^ U7 and D — ^ 
are subjects of CLEO and FERMILAB searches [5]. On the theoretical 
side, these rare decays of charm mesons into light vector meson and photon or 
lepton pair have been considered lately by several authors (see, e.g., [6]-[ll], 
for radiative leptonic D meson decay see [12]). The investigations of 19 — ^ U7 
showed that certain branching ratios can be as large as 10^®, like for 19° — ^ 

Dt ^ p+7 [6,11]. However, the decays which are of some relevance to the 
19° — ^ 27 mode studied here, like 19° — ^ p°7, 19° — ^ ujj, are expected with 
branching ratios in the 10^° range [13]. Thus, it is hard to believe that the 
branching ratio of the 19° — ^ 27 decay mode can be as high as 10^° in the 
Standard Model (SM), as found by [14]. Apart from this estimation, there has 

* Talk given by J. Zupan 
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been no other detailed work on ^ 27 prior to our analysis [15]. In addition to 
these theoretical studies there are experimental attempts to observe this decay 
rate done by CLEO and FOCUS [16]. 

Motivated by the experimental efforts to observe rare D meson decays [16], 
and noticing that Bg — ^ 77 offers possibility to observe physics beyond the SM, 
we undertook an investigation of the ^ 77 decay [15]. Here we present only 
the main results of our analyses, while the details of our work are presented in 
[15]. 

The short distance contribution is expected to be rather small, as already 
encountered in the one photon decays [6,7], hence the main contribution would 
come from long distance interactions. In order to treat the long distance contri- 
butions, we use the heavy quark effective theory combined with chiral perturba- 
tion theory (HQyPT) [17]. This approach was used before for treating D* strong 
and electromagnetic decays [18]- [20]. The leptonic and semileptonic decays of D 
meson were also treated within the same framework (see [18] and references 
therein). 

The approach of HQyPT introduces several coupling constants that have to 
be determined from experiment. The recent measurement of the D* decay width 
[4] has determined the D*Dtt coupling, which is related to g, the basic strong 
coupling of the Lagrangian. There is more ambiguity, however, concerning the 
value of the anomalous electromagnetic coupling, which is responsible for the 
D*Dj decays [19,20] (for further discussion on this point see [15]). 

Let us address now some issues concerning the theoretical framework used 
in our treatment. For the weak vertex we used the factorization of weak cur- 
rents with nonfactorizable contributions coming from chiral loops. The typical 
energy of intermediate pseudoscalar mesons is of order m£)/2, so that the chiral 
expansion p/A^ (for 1 GeV) is rather close to unity. Thus, for the decay 

under study we extend the possible range of applicability of the chiral expansion 
of HQyPT, compared to previous treatments like D* — ^ Du, D* — ^ Dj [19] or 
D* — ^ U77 [20], in which a heavy meson appears in the final state, making the 
use of chiral perturbation theory rather natural. The suitability of our under- 
taking here must be confronted with experiment, and possibly other theoretical 
approaches. 

At this point we also remark that the contribution of the order 0{p) does not 
exist in the t 77 decay, and the amplitude starts with contribution of the 
order 0{jA). At this order the amplitude receives an annihilation type contribu- 
tion proportional to the a -2 Wilson coefficient, with the Wess-Zumino anomalous 
term coupling light pseudoscalars to two photons. However, the total amplitude 
is dominated by terms proportional to a\ that contribute only through loops 
with Goldstone bosons. Loop contributions proportional to a 2 vanish at this 
order. We point out that any other model which does not involve intermediate 
charged states cannot give this kind of contribution. Therefore, the chiral loops 
naturally include effects of intermediate meson exchange. 

The chiral loops of order 0{p^) are finite, as they are in the similar case 
of A 77 decays [21]- [22]. The next to leading terms might be almost of the 
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same order of magnitude compared to the leading 0 {p^) term, the expected 
suppression being approximately p'^jA'^. The inclusion of next order terms in 
the chiral expansion is not straightforward in the present approach. We include, 
however, terms which contain the anomalous electromagnetic coupling, and ap- 
pear as next to leading order terms in the chiral expansion, in view of their 
potentially large contribution (as in B*{D*) — ^ decays considered in 

[20]). As it turns out, these terms are suppressed compared to the leading loop 
effects, which at least partially justifies the use of HQyPT for the decay under 
consideration. Contributions of the same order could arise from light resonances 
like p, AT*, ao(980), /o(975). Such resonances are sometimes treated with hidden 
gauge symmetry (see, e.g., [18]), which is not compatible with chiral perturba- 
tion symmetry. Therefore, a consistent calculation of these terms is beyond our 
scheme and we disregard their possible effect. 

The invariant amplitude for 19^ — ^ 77 decay can be written using gauge and 
Lorentz invariance in the following form: 



M 






^2 \ 
kiit2 









( 1 ) 



where is a parity violating and a parity conserving part of the am- 

plitude, while k^2}> £1(2) respectively the four momenta and the polarization 
vectors of the outgoing photons. 

In the discussion of weak radiative decays q' — ^ <777 or q' — ^ <77 decays, 
usually the short (SD) and long distance (LD) contribution are separated. The 
SD contribution in these transitions is a result of the penguin-like transition, 
while the long distance contribution arises in particular pseudoscalar meson de- 
cay as a result of the nonleptonic four quark weak Lagrangian, when the photon 
is emitted from the quark legs. Here we follow this classification. In the case 
of 6 — ^ S77 decay [23] it was noticed that without QCD corrections the rate 
T(6 — ^ s 77)/T(6 — ^ 57) is about 10^^. One expects that a similar effect will 
show up in the case of c — ^ M77 decays. Namely, according to the result of [23] 
the largest contribution to c — ^ M77 amplitude would arise from the photon 
emitted either from c or m quark legs in the case of the penguin-like transition 
c — ^ u'y. Without QCD corrections the branching ratio for c — ^ M7 is rather 
suppressed, being of the order 10^^^ [7,8]. The QCD corrections [24] enhance it 
up to order of 10^®. 

In our approach we include the c — ^ M7 short distance contribution by using 
the Lagrangian 



where nic is a charm quark mass. In our analysis we follow [24,26] and we take 
C777 = (-0.7 + 2Q X 10-Q 
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The main LD contribution will arise from the effective four quark nonleptonic 
AC = 1 weak Lagrangian given by 

^ E ^mV:^[a-i[qr^c){ur^q) + a^iuF^ c){qr^q)l (3) 

^ q=d,s 

where = 7^(1 — 75), a* are effective Wilson coefficients [27], and are 

CKM matrix elements. At this point it is worth pointing out that long distance 
interactions will contribute only if the ST/(3) flavor symmetry is broken, i.e. if 
'm-s 7^ rrid- Namely, due to VudVcd — ''^d = 'm-g the contribution 

arising from the weak Lagrangian (3) disappears in the case of exact ST/(3) 
flavor s}mimetry. 

Going from quark to meson level effective Lagrangian one uses heavy quark 
symmetry for c-quark and chiral symmetry of light quarks to construct HQyPT 
Lagrangian [15]. This is then used to calculate the ^ 77 decay width to one 
loop order. Leaving out the details of our calculation (see [15]), we discuss the 
final results. 

The decay width for the ^ 77 decay can be obtained using the amplitude 
decomposition in (1) 



+ (4) 

The main contribution to the decay width arises from the diagrams presented 
on Figs. 1,2. The calculated amplitudes depend on the number of input parame- 
ters, as mentioned in [15]. The coupling g is extracted from existing experimental 




Fig. 1. One loop diagrams, not containing beta-like terms, that give nonvanishing con- 
tributions to the D° — s- 77 decay amplitude. Each sum of the amplitudes on diagrams 
in one row Mi = JOj Afi.j is gauge invariant and finite. Numerical values are listed in 
Table 1. 
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Fig. 2. Anomalous contributions to D° — s- 77 decay. The intermediate pseudoscalar 
mesons propagating from the weak vertex are 



data on D* — ^ Du. Recently CLEO Collaboration has obtained the first mea- 
surement of Z9*+ decay width r(Z9*+) = 96 ± 4 ± 22 keV [4] by studying the 
D*+ i9^7r+. Using the value of decay width together with branching ratio 

Br{D*^ — ^ _D°7 t+) = (67.7 ± 0.5)% one immediately finds at tree level that 
g = 0.59 ± 0.08. The chiral corrections to this coupling were found to contribute 
about 10% [18,19]. In order to obtain the a coupling, we use present experi- 
mental data on Dg leptonic decays {/d = aj gJmjj). In our calculation 

we take a = 0.31 GeV®/^ [15]. For the Wilson coefficients ai we take 1.26 and 
tt2 = —0.47 [27]. We give here the numerical results for the one-loop amplitudes 
in Table 1. 



Table 1. Table of the nonvanishing finite amplitudes. The amplitudes coming from 
the anomalous and short distance Lagrangians are presented. The finite and 

gauge invariant sums of one-loop amplitudes are listed in the next three lines = 

The numbers 1,2,3 denote the row of diagrams on the Fig. 1. In the last 
line the sum of all amplitudes is given. 





[xf0-“ GeV] 


[xl 0 -“ GeV-i] 


Anom. 


0 


-0.53 


SD 


-0.27 -0.8fi 


-0.16 -0.47/ 


1 


3.55 +9.36i 


0 


2 


1.67 


0 


3 


-0.54 +2.84i 


0 




4.41 +11.39/ 


-0.69 -0.47/ 



In the determination of D* — ^ fdyy and B* -g- R77 a sizable contribution 
from /3-like electromagnetic terms [15] has been found [20]. Therefore, we have 
to investigate their effect in the -g- 77 decay amplitude. The nonzero parity 
violating parts of the one loop diagrams containing j3 coupling are given on 
Fig. 3, while numerical results are presented in Table 2. 

Using short distance contributions, the finite one loop diagrams and the 
anomaly parts of the amplitudes and with numerical values of the amplitudes as 
listed in Table 1, one obtains 

Br{D° — ^ 77) = 1.0 X 10^®. (5) 

This result is slightly changed when one takes into account the terms dependent 
on /3. The branching ratio obtained when we sum all contributions is 

Br{D° -g 77) = 0.95 x 10^®. 



( 6 ) 
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Fig. 3. The diagrams which give nonzero amplitudes with one /?-like coupling (denoted 

by). 



Table 2. Table of nonzero contributions of the amplitudes coming from the diagrams 
with /? coupling. In the last line the sums of the contributions are presented. We use 
/? = 2.3 GeV^^, nic = 1.4 GeV. 



Diag. 


il4^^[xl0-i° GeV] 


a4+^[x 10-“ GeV-i] 


%1 


0 


-2.69 


13.2 


0 


2.69 


13.3, 


0 


2.11 


%4 


0.88 


-0.007 


(3.3 


0 


0.51 


(3.6 


-2.88 


-0.52 




-2.00 


2.09 



By varying (3 within 1 GeV^^ < /? < 5 GeV^^ and keeping g = 0.59 ± 0.08, 
the branching ratio is changed by at most 10%. On the other hand, one has to 
keep in mind that the loop contributions involving (3 are not finite and have to be 
regulated. We have used MS scheme, with the divergent parts being absorbed by 
counterterms. The size of these is not known, so they might influence the error 
in our prediction of the branching ratio. Note also that changing a would affect 
the predicted branching ratio. For instance, if the chiral corrections do decrease 
the value of a by 30% this would decrease the predicted branching ratio down 
to 0.5 X 10^®. 

It is interesting to estimate what sizes of new physics effects one can expect 
in this decay mode. In the following we use a rather simple estimate of possible 
SUSY contributions. In [25], [26] it has been found that c — ^ ny short distance 
contribution (2) can get considerably enhanced, if one takes into consideration 
the MSSM spectrum. The leading contribution comes from the gluino exchange 
and can be at most as large as < 10|G.f^|. Go mparing this with the 

Standard Model results listed in Table 1, it follows that in this most favorable 
case 10M|“ • ^he MSSM contributions might thus increase 

the Standard Model prediction for the branching ratio by a factor of 4 or less. 
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In summary, we have presented the results of the detailed calculation of the 
decay amplitude ^ 77 , which includes short distance and long distance 

contributions, by making use of the theoretical tool of Heavy Quark Chiral Per- 
turbation Theory Lagrangian. Within this framework, the leading contributions 
are found to arise from the charged tt and K mesons running in the chiral loops, 
and are of order 0{p^). These terms are finite and contribute only to the parity 
violating part of the amplitude. The inclusion of terms of higher order in the chi- 
ral expansion is unfortunately plagued with the uncertainty caused by the lack 
of knowledge of the counterterms. As to the parity conserving part of the decay, 
it is given by terms coming from the short distance contribution, the anomaly 
and from loop terms containing the beta coupling, the latter giving most of the 
amplitude. The size of this part of the amplitude is approximately one order of 
magnitude smaller than the parity violating amplitude, thus contributing less 
than 10% to the decay rate. Therefore, our calculation predicts that the D ^ 
decay is mostly a parity violating transition. 

In addition to the uncertainties we have mentioned, there is the question of 
the suitability of the chiral expansion for the energy involved in this process; 
the size of the uncertainty related to this is difficult to estimate. Altogether, our 
estimate is that the total uncertainty is not larger than 50%. Accordingly, we 
conclude that the predicted branching ratio is 

^ 77 ) = (1.0±0.5) X 10-®. (7) 

The reasonability of this result can be deduced also from a comparison with the 
calculated decay rates for the ^ which are found to be expected with 

a branching ratio of approximately 10^® [6,7,13]. Recently another independent 
study of ^ 77 decay mode has been performed [28], where also vector meson 
contributions have been included. The use of vector meson dominance yields a 
factor of three larger result than what has been obtained by our analysis. 

We look forward to experimental attempts of detecting this decay. Our result 
suggests that the observation of ^ 2 y at a rate which is an order of magnitude 
larger than (7), could be a signal for the type of “new physics”, which leads to 
sizable enhancement of the short-distance c — ^ M 7 transition. 
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